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Abstract: Due to its health benefits, resveratrol (RE) is one of the most researched natural
polyphenols. Resveratrol’s health benefits were first highlighted in the early 1990s in the French
paradox study, which opened extensive research activity into this compound. Ever since, several
pharmacological activities including antioxidant, anti-aging, anti-inflammatory, anti-cancerous,
anti-diabetic, cardioprotective, and neuroprotective properties, were attributed to RE. However,
results from the available human clinical trials were controversial concerning the protective effects
of RE against diseases and their sequelae. The reason for these conflicting findings is varied
but differences in the characteristics of the enrolled patients, RE doses used, and duration of RE
supplementation were proposed, at least in part, as possible causes. In particular, the optimal RE
dosage capable of maximizing its health benefits without raising toxicity issues remains an area of
extensive research. In this context, while there is a consistent body of literature on the protective
effects of RE against diseases, there are relatively few reports investigating its possible toxicity. Indeed,
toxicity and adverse effects were reported following consumption of RE; therefore, extensive future
studies on the long-term effects, as well as the in vivo adverse effects, of RE supplementation in
humans are needed. Furthermore, data on the interactions of RE when combined with other therapies
are still lacking, as well as results related to its absorption and bioavailability in the human body.
In this review, we collect and summarize the available literature about RE toxicity and side effects.
In this process, we analyze in vitro and in vivo studies that have addressed this stilbenoid. These
studies suggest that RE still has an unexplored side. Finally, we discuss the new delivery methods
that are being employed to overcome the low bioavailability of RE.
Keywords: resveratrol; biphasic; anticancer; reactive oxygen species (ROS); oxidative DNA damage;
antioxidant effects; pro-oxidant effects
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1. Introduction
Resveratrol (RE; (3,4’,5 trihydoxystilbene)) is a stilbenoid natural polyphenol. RE was first isolated
in 1939 by Takaoka from Veratrum grandiflorum [1,2]. RE is found in over 70 plant species but is highly
concentrated in the skin of red grapes. Tea, berries, pomegranates, nuts, blueberries, and dark chocolate
are also reported to contain RE at varying concentrations.
Resveratrol exists as two isomeric forms (cis and trans), yet the trans form is the predominant form
and it has the most potent therapeutic benefits owing to the lower steric hindrance of its side chains [3,4].
The trans form can be recombinantly obtained from the extracts of yeast (Saccharomyces cerevisiae) and
is used in the industry as a food supplement or as a cosmetic ingredient [5,6]. Isomerization to the cis
form can occur when the trans form is exposed to heat, light, or ultraviolet radiation [7,8].
Resveratrol was reported to exhibit a plethora of therapeutic benefits, including anti-inflammatory,
antioxidant, anti-platelet, anti-hyperlipidemic, immuno-modulator, anti-carcinogenic, cardioprotective,
vasorelaxant, and neuroprotective effects [9,10] [11–13]. Indeed, RE was reported to be able
to maintain or enhance human cerebrovascular functions [14], modulate in vitro angiogenesis
through the expression of vascular endothelial growth factor (VEGF) and the formation of new
vascular networks [15], stimulate human immune cell functions [16], promote rat cell viability
and proliferation [17], ameliorate mitochondrial respiratory dysfunction, and enhance cellular
reprogramming in human fibroblasts derived from patients with a mitochondrial disease [18],
a phenomenon potentially mediated by the activation of Sirtuins [19]. Resveratrol has also showed
proven cardioprotective [20,21], hepatoprotective [22], and neuroprotective activities [23]. In particular,
this polyphenol seems to alleviate the main risk factors of cardiovascular diseases (CVD) as it
can improve endothelial function, scavenge reactive oxygen species (ROS), reduce inflammation,
inhibit platelet aggregation, and ameliorate the lipid profile and other main factors that can promote
atherosclerosis [24,25]. Furthermore, redox-associated mechanisms were implicated as potential
pathways via which RE elicits its cardioprotective effects. These redox-associated mechanisms include
preservation of mitochondrial function under hypoxia/reoxygenation-induced oxidative stress [26],
upregulation of antioxidant enzymes such as peroxidase and superoxide dismutase (SOD) [27],
and modulation of nitric oxide (NO) production [28].
Although in vitro, ex vivo, and animal studies have indicated that RE may exert several health
benefits and cardiovascular protection, in particular [20,21,29], the human clinical studies available so
far have shown controversial results concerning the protective effects of RE against diseases and their
sequelae [30–36]. The reasons behind these conflicting findings is varied; however, differences in the
characteristics of the enrolled patients, RE doses used, and the duration of RE supplementation were
proposed, at least in part, as possible causes [30,37]. In particular, the optimal RE dosage capable of
maximizing RE health benefits without raising toxicity issues remains to be elucidated and is an area
of extensive research [31,33,38].
Despite its toxicity may appear controversial, the dose of RE, as well as its interaction with the
redox state of the environment where it is present can determine, to a large extent, whether it will exert
beneficial or deleterious effects [33,38–43]. Moreover, the so-called hormetic property of RE may also
be responsible for several controversial results associated with this molecule [44,45]. Hormesis refers to
the bidirectional (biphasic) responses of a cell/organism to a chemical or other external stressors and is
characterized by stimulation at low doses (usually associated with beneficial effects) and an inhibition
by high doses (usually a toxic effects) [46]. Many of the RE-elicited dose-dependent responses, in vitro
and in vivo, lead to positive responses at low doses and negative responses at high doses and, hence,
may be explained by a hormetic dose–response effect [44],
Currently, RE hormetic effects are a subject of controversy. Resveratrol appears to have a different
effective dosage range in vitro (micromolar range in cell culture media) than its in vivo bioavailability
(nanomolar range in the blood), thus making it difficult to identify the actual biologically effective
concentration range at which this compound should be supplemented to human subjects. In this
regard, concerns were raised regarding the ability of attaining the in vitro effective concentrations
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in vivo. We suggest that the actual biologically effective concentration range of RE in vivo remains to be
determined. While the actual levels of RE in organs and tissue of humans remain under investigation,
multiple lines of evidence indicate that, in rodents, RE can accumulate in specific tissues or organs at
relatively high concentrations, that are comparable to those used in many in vitro experiments. For
instance, RE plasma peak concentrations of 32 µM were reported in rodents [47,48]. Moreover, after
chronic consumption, RE was detectable in plasma up to one week after wash-out [49]. Because of
the lipophilic nature of most natural antioxidants, their levels in tissue, which outlast their presence
in the plasma, may provide a better indicator of the in vivo biologically active concentrations of RE.
Indeed, concentrations of RE in tissues such as the heart, liver, and kidney were higher (~10–30 µM)
than in plasma in rats fed dietary-relevant doses of RE [50,51]. Although affected by a large degree of
interindividual variability, a recent report indicated that picomolar concentrations of RE can accumulate
in the colon cancer tissue of humans supplemented with dietary (5 mg) or pharmacological doses
(1 g) of RE for few days [52]. However, the same authors reported that, after one hour, the plasma RE
concentration could reach 137 µM in the human subjects receiving the pharmacological dosage [52].
Furthermore, it was suggested that plasma proteins may act as in vivo natural reservoirs for
antioxidants. As a result, plasma proteins can modulate the plasma concentrations and tissue delivery of
antioxidants [53–56]. Moreover, interactions between different natural antioxidants may also influence
their kinetics and metabolism in the liver leading to an increase in the circulating levels of natural
antioxidants [57]. Interestingly, studies have indicated that the half-life and plasma concentrations of
RE metabolites is 10 times higher than that of the native RE compound [58]. Whether these metabolites
can serve as a pool from which free RE can be locally released at various tissues cannot be excluded at
the moment.
Although many studies have indicated that RE is a well-tolerated and safe compound in humans [59,60],
others have reported toxic effects of RE in vitro and in vivo [44]. For example, RE exhibited systemic
inhibition of P450 cytochromes, when taken in high doses. In addition, RE was shown to interact with
several drugs. These interactions are harmful since, in most cases, they could attenuate the activities of
these drugs [2]. Additionally, long-term intake of RE can act as a thyroid disruptor and a goitrogen [61,62],
not to mention all the toxic side effects related to RE high-dosage-associated hormetic effects in vitro and
in vivo [44,63,64], including the high-dose-associated pro-oxidant effects [36,38,39,43,64,65] (Figure 1).
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Figure 1. Biphasic hormetic dose-dependent effects of resveratrol (RE). Resveratrol exhibits biphasic
dose-dependent effects. At low concentrations, RE acts as an antioxidant which can protect from DNA
damage and oxidative stress. On the other hand, at high concentrations, RE acts as a pro-oxidant
promoting DNA damage while increasing oxidative stress. Low and high concentrations offer beneficial
effects in the prevention of cancer formation (chemo-preventive) and in the treatment of cancer
(cytotoxic), respectively.
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2. Resveratrol Has Poor In Vivo Pharmacokinetics
The commercial use of RE as a pharmaceutical drug is currently facing several limitations;
in particular, its low bioavailability and rapid metabolism are addressed as some of the most
limiting. In this regard, the in vivo effects of RE appear to be affected by its low solubility and low
bioavailability [66]. Oral intake of 25 mg of RE revealed that it has extremely low bioavailability,
where only trace amounts (<5.0 ng/mL) of un-metabolized RE could be detected in the plasma [66].
After consumption, more than 70% of RE is absorbed by the gastrointestinal tract, but it is later
metabolized by three distinct metabolic pathways leading to its very low bioavailability. Extremely
rapid sulfate conjugation of RE in the intestine/liver looks to be the rate-limiting factor in determining
the bioavailability of RE [66].
RE also exhibits low water solubility (<0.05 mg/mL), which affects its absorption. Both RE stability
and solubility are strongly influenced by pH and temperature [67]. In this context, Zupancˇicˇ et al.
revealed that RE solubility at pH 1.2 is 64 µg/mL, while it becomes 61 and 50 µg/mL at pH 6.8 and
above pH 7.4, respectively. The same authors also reported that, once solubilized in water, RE is stable
at room or body temperature only under acidic conditions; however, with increasing pH, the stilbene
is degraded exponentially. It appears that RE is most stable, in liquid form, at low pH and temperature
and at limited exposure to oxygen and light [67].
Following oral intake, RE undergoes passive diffusion or can form complexes with transporters
such as integrins, albumin, and low-density lipoprotein (LDL) [7,68,69]. Under the acidic environment
of the stomach, RE appears to be stable, but it can be hydrolyzed to oligomeric phenolics and/or be
subjected to isomeric conversion. Furthermore, RE glycosylation by gut-resident bacteria can give
rise to piceid, which is a stilbenoid glucoside (resveratrol-3-O-beta-glucoside) that can be absorbed
in the intestine [70]. Resveratrol modification can also occur via intestinal and hepatic conjugation
reactions. Intestinal bacteria can break RE to benzoic, phenylacetic, and propionic acids, while, in the
liver, it undergoes phase II metabolism producing glucuronidated, sulfated, and methylated products
which are known to retain part of the biological activity of the compound of origin [7,68,69,71]. For
instance, in the liver, RE is usually metabolized to piceatannol (Figure 2), which can be released into
the bloodstream and can further give rise to piceatannol glucuronides or piceatannol sulfates that can
return to the gut [72]. Interestingly, RE can also cause an increase of its own metabolism by enhancing
the activity of phase II hepatic detoxifying enzymes [73].
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Figure 2. Metabolism of resveratrol in the liver.
Despite its controversial low bioavailability and rapid metabolism, there are many reports
about a multitude of RE in vivo biological effects [44,58]. In this regard, the in vivo biological
effects of RE are also related to its affinity to transport proteins. It was extensively reported that
RE can form complexes with human serum albumin (HSA) and lipoproteins, an interaction that
improves RE stability and functioning since the plasma transport proteins can act as in vivo natural
reservoirs of RE [56,74–78]. Resveratrol–HSA or RE–LDL complexes facilitate RE entry into different
tissues [66,68] In the bloodstream, HSA is crucial for binding, transporting, promoting cellular
absorption, and distributing RE to various cellular targets [78]. In this context, we previously reported
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that, under aqueous physiological conditions, HSA is able to bind and stabilize epigallocatechin gallate
(EGCG), another biologically active natural antioxidant present in green tea. Therefore, HSA and
other plasma proteins may be of primary importance in mediating the biological effects of RE, in vivo.
Furthermore, RE is known to induce its own metabolism which increases the activity of phase II
hepatic detoxifying enzymes, and resveratrol metabolites, including dihydro-resveratrol glucuronides,
resveratrol glucuronides, and glucosides. These metabolites were found at high concentrations in
human plasma and urine [70,79]. In this regard, half-life and plasma concentrations of RE metabolites
in the blood were found to be 10 times higher than that of the native RE compound [58], suggesting
that free RE may be locally released from these metabolites.
Yet, despite its low bioavailability and relatively rapid metabolism and elimination, RE shows a
relevant biological efficacy, which may be due to its conversion/interconversion into sulfonate and
glucuronide metabolites and/or its binding/unbinding to plasma proteins, two potential primary
aspects in the delivery of RE at target organ sites [68,80].
3. Resveratrol Harmful Effects: Molecular Evidence
3.1. RE Metabolites Can Exhibit Cytotoxic Effects
Similar to RE, its metabolites can elicit a wide range of bioactivities. In general, metabolites
of phenolic plant extracts can generate cytoprotective and beneficial effects or, on the other hand,
can generate cytotoxic or immune-toxic effects [81]. o-Quinones are common reactive metabolites
that can be formed via several metabolic mechanisms. In the case of RE metabolism, o-quinones are
formed through a hydroxylation reaction by cytochrome P450 (Figure 2), leading to the formation of
piceatannol, followed by catechol oxidation to form an o-quinone product. These RE metabolites could
have different effects on several biological targets [81–83].
Piceatannol exhibits beneficial anti-inflammatory and antioxidant properties. Piceatannol inhibits
prototypic tumor promoter-induced cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) expression by blocking the activation of NF-κB (nuclear factor kappa-light-chain-enhancer
of activated B cells) [84]. The Keap1–Nrf2 (kelch-like ECH-associated protein 1—nuclear factor
erythroid 2–related factor 2) pathway, another target of piceatannol, can lead to the induction
of detoxification enzymes. For instance, piceatannol enhances the expression of the antioxidant
enzyme hemeoxygenase-1 (HO-1) in human mammary epithelial cells by induction of Nrf2 [85].
Piceatannol also prevents the activation of c-Jun N-terminal kinase (JNK) and downregulation of the
anti-apoptotic B-cell lymphoma 2 protein (Bcl-2), which results in the inhibition of hydrogen peroxide-
and peroxynitrite-induced apoptosis [86].
Beneficial effects caused by RE metabolites were also reported in vivo. In mice fed a
high-fat diet, piceatannol could lower hepatic levels of tumor necrosis factor-alpha (TNF-α) and
increase the expression of sirtuins, which are well-known players of cellular homeostasis [87].
By increasing the phosphorylated forms of adenosine 5’-monophosphate-activated protein kinase
(pAMPK) and acetyl-CoA carboxylase (pACC) and by decreasing the protein levels of peroxisome
proliferator-activated receptor γ (PPARγ) and fatty acid synthase (FAS), piceatannol could decrease
the accumulation of lipids in adipocytes and in the liver, thus promoting an anti-obesity effect in mice
fed a high-fat diet [88]. Furthermore, as evidenced by the reduction of potent inflammatory mediators
such as interleukin-6 (IL-6) and monocyte chemoattractant protein-1 (MCP-1), RE could suppress
inflammation in a mouse model of inflammatory edema [89]. In addition, piceatannol could inhibit
the phosphorylation of p38 mitogen-activated protein kinase (p38-MAPK), leading to a decrease in
the deposition of extracellular matrix proteins and amelioration of fibrosis in a mouse model of renal
fibrosis [90].
o-Quinone metabolites of RE are associated with toxic effects, particularly in the skin. These toxic
effects involve oxidative stress and alkylation mechanisms [91–93]. o-Quinone-induced inhibition of
P450 oxidative enzymes or alkylation of certain proteins such as Keap1, Nrf2, I kappa B kinase (IKK),
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and NF-κB can also lead to hepatic and renal toxicity. In addition, o-quinones can deplete glutathione
(GSH) and affect nicotinamide adenine dinucleotide phosphate oxidase (NOX) function, ultimately
leading to the induction of oxidative stress [35,81].
Rhododendrol, a tyrosinase inhibitor used in lightening/whitening cosmetics, can increase the
incidence of leukoderma skin toxicity. Resveratrol, similar to rhododendrol, is a p-substituted phenol
that is rapidly converted to toxic o-quinones [94]. It was shown that RE can act as a substrate
of tyrosinase, a key enzyme in the production of melanin, to produce reactive o-quinones [92,95].
Tyrosinase-generated o-quinones from RE metabolism can decay to produce oligomers, which act as
pro-oxidants that cause melanocyte cytotoxicity, due to their ability to bind thiol-containing proteins.
3.2. Resveratrol Cytotoxic Mechanisms Can Induce DNA Breaks
For years, the mainstream notion was that increased consumption of RE would lead to better
scavenging of reactive oxygen species (ROS) and, therefore, RE may offer cytoprotective effects [96,97].
However, as highlighted in the introduction, under certain conditions, an antioxidant may act as a
pro-oxidant, leading to acceleration of lipid peroxidation and/or induction of DNA damage. In fact,
RE could have pro-oxidant activities, rather than antioxidant activities, depending on RE concentration,
RE form, treatment conditions, and time of treatment, as well as the type of cells used and their basal
redox state [39,98–103]. Interestingly, even chronobiology was shown to play a role in RE varying
effects; when administered during the dark span, RE exerted an antioxidant effect by decreasing lipid
peroxidation, whereas, during the light span, RE increased lipid peroxidation [39].
Whenever RE acts as a pro-oxidant molecule in vitro, it can cause DNA damage and reduce
several DNA repair pathways, which can activate cytotoxic and apoptotic pathways [104,105]. The
ability of RE to induce DNA breaks has a potential therapeutic use that can be harnessed when RE
is used against cancerous cells. Copper levels are generally increased in various malignancies; this
explains the preferential cytotoxicity of RE toward malignant cells in particular. In addition, electron
transfer between RE and copper ions is higher in cancer cells [106,107]. Thus, RE- and copper-induced
DNA damage may be one mechanism of RE cytotoxicity against cancer cells (Figure 2) [108]. Indeed,
RE pro-oxidant effects are known to evoke a pro-apoptotic function in different types of cancerous
cells [109].
RE’s effect can also be attributed to its ability to inhibit key enzymes critical for DNA synthesis such
as ribonucleotide reductase and DNA polymerases [110–112]. In addition, resveratrol was reported
to induce synthesis (S)-phase arrest and cellular senescence by modulating the chemokine receptor
C-X-C motif chemokine receptor 2 (CXCR2)–p53 axis in U2OS and A549 cancer cells, as well as in
normal human fibroblasts. Moreover, RE was reported to provoke DNA damage in colon cancer cells
through topoisomerase II and activation of the ataxia-telangiectasia mutated (ATM) kinase to trigger
p53-dependent apoptosis [113]. A significant increase in DNA double-strand breaks was found in
RE-treated U2OS and A549 cancer cells. This phenomenon also appears to be mediated by RE-elicited
pro-oxidant effects, as well as the modulation of the CXCR2–p53 pathway [114].
3.3. Resveratrol Cytotoxic Mechanisms Can Induce Oxidative Stress
Oxidative stress can be caused by a deficiency in the antioxidant defense system and an excess of
pro-oxidants. Whereas antioxidants may delay or block apoptosis, increased oxidative stress is pivotal
to overwhelm the cell and force it toward an apoptotic fate [115]. Reactive oxygen species/reactive
nitrogen species (ROS/RNS) include both free radical species and non-free radical molecules. ROS
include different species such as the hydroxyl radical (•OH), the most toxic species due to its extremely
high reactivity [116] as well as superoxide (•O2), and hydrogen peroxide (H2O2), which are less reactive
than •OH. RNS include an unreactive species, nitric oxide (NO•), and its derivative, peroxynitrite
(ONOO−), a powerful oxidant which can destroy many biomolecules [117].
The ROS/RNS molecules usually have dual roles in both health and disease; ROS/RNS at
low or moderate concentrations contribute to basic physiology such as blood pressure regulation,
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neurotransmission, and immune responses. However, excessive production of ROS/RNS can lead to
oxidative/nitrosative stress and can result in deleterious alterations including cell death [118].
Several lines of evidence indicate that RE heavily influences the cellular redox state [36,38–43,63–65].
In this regard, low doses of RE have diverse beneficial actions, such as protecting cells and tissues
against neurodegeneration, cardiovascular disease, cancer, diabetes, and obesity-related disorders and
extending the lifespan of organisms [119,120]. This wide range of beneficial biological effects might be
explained, at least in part, by RE’s antioxidant properties [31,121,122]. RE can also modulate NO release,
which is crucial for endothelial function [123]. ROS decreases NO production and bioavailability [124],
while RE increases them [125,126].
In addition, it was shown that RE can activate the Keap-1/Nrf2 antioxidant defense system in
obese–asthmatic rats, thus protecting them against oxidative stress [60]. The RE-induced Nrf2 activity
enhances the antioxidant defense system in rats with metabolic syndrome, evident by increased
expression of catalase (CAT), SOD isoforms, peroxidases, glutathione-S-transferase, and glutathione
reductase [127]. RE can also act as a potent antioxidant via the Nrf2/HO-1 signaling pathway, increasing
SOD, glutathione peroxidase, and CAT activities and HO-1 protein levels, as well as decreasing lipid
peroxidation in the brain tissue of RE-treated mice (Figure 1) [128].
Yet, such potent antioxidant activities exerted by RE are not consistently observed. As previously
mentioned, RE can behave either as an antioxidant or pro-oxidant depending on several parameters
including the dose and the microenvironment. Many studies demonstrated that RE has biphasic
concentration-dependent effects, being an antioxidant at low doses and pro-oxidant at high doses
both in vitro and in vivo [36,38–43,63–65]. It appears that RE pro-oxidant effects are usually followed
by phospho-PKB/Akt (protein kinase B/ AKR mice thymoma) downregulation, cellular damage, and
apoptosis. Interestingly, RE-induced pro-oxidant effects could be counteracted by N-acetyl cysteine
(NAC) and diphenyleneiodonium (DPI), suggesting a role for flavin oxidases in pro-oxidant RE-induced
toxicity [41]. Mitochondrial damage mediated by cytochrome P450 enzyme CYP2C9-produced ROS
also appears to be involved in high-dosage-associated RE-elicited oxidative damage [42]. Moreover,
RE was shown to affect male reproductive functions. Treatment with RE led to a dose-dependent
reduction in the level of glutathione (GSH) with a concomitant increase in glutathione disulfide (GSSG),
signifying an increased oxidative stress where a decreased glutathione/glutathione disulfide plasma
ratio reflects increases in oxidative stress. Concomitantly, the activities of CAT and SOD were found
to be decreased in a dose-dependent manner. This change in cellular redox amounted to a state of
oxidative stress that eventually caused massive testicular tissue injury (Figure 1) [129].
Interestingly, it was proposed that the pro-oxidant action of plant polyphenols, such as RE,
could be a common mechanism for their cytotoxic properties that may inhibit the malignant phenotype
of cancer cells [130,131]. While low doses of RE were reported to target the early stages of cancer
(initiation and promotion), high concentrations of RE induce cell death by virtue of their pro-oxidant
action. This offers a window of opportunity, which can be harnessed as a potential chemotherapy
against several cancers (Figures 1 and 3). Indeed, RE can lead to apoptosis and cell-cycle arrest of
malignant melanoma cells [131]. Recently, it was also shown that RE induces caspase-dependent cell
death in ovarian cancer cells via an ROS-dependent mechanism [132].
Int. J. Mol. Sci. 2020, 21, 2084 8 of 26
 
Figure 3. Resveratrol- and copper-induced cytotoxicity. The cytotoxic mechanisms of RE include the 
mobilization of endogenous copper ions, including chromatin-bound copper. Resveratrol undergoes 
oxidation in the presence of Cu(II) (which is substantially increased in the malignant cells) to a dimer. 
This electron transfer reduces Cu(II) to Cu(I). The dimer is capable of binding DNA to form a DNA–
RE–Cu(II) ternary complex which allows the efficient cleavage of DNA. Considering that RE and 
copper-induced DNA damage will be considerably greater in cancer cells, this mechanism offers a 
way for the selective killing of cancer cells by using high concentrations of RE. 
Resveratrol, at concentrations between 0.1 and 1 µM, elicited anti-proliferative effects in GRX 
cells, a cell culture model of activated hepatic stellate cells (HSCs) [153]. Indeed, high RE 
concentrations triggered a dose- and time-dependent rise of ROS, ultimately leading to cell death at 
a dosage of 50 µM of RE and higher [103]. In vitro, high doses of RE (50 µM) reduced GRX cell 
proliferation, while higher RE doses (70–100 µM) were cytotoxic to the cells [153]. This is consistent 
with findings showing that the high, but not low, RE concentrations (≥25 μM) induced the production 
of reduced glutathione and caused cell toxicity, in vitro [154].  
By virtue of its ability to modulate oxidative stress, RE can sensitize cancer cells to 
chemotherapy. Indeed, the anti-cancer activity of paclitaxel was significantly enhanced when 
glioblastoma cells were treated with 50 μM of RE [155]. The potency of RE to inhibit malignant 
phenotypes can also be observed with high in vitro concentrations of RE (>50 μM) [114,156]. Indeed, 
RE induced senescence in osteosarcoma and lung carcinoma cells [114] (Figure 3). In addition, studies 
showed that RE exerts a genotoxic effect by inducing chromosomal aberrations, micronucleus cells, 
and polynuclear and karyorrhectic cells [157]. 
4.2. Resveratrol Alters the Redox State of Endothelial Human Cells 
Alteration of the redox state of endothelial cells is a critical step in the onset and progression of 
CVD [158]. There is increasing interest in naturally occurring antioxidants and their particular impact 
on endothelial health. Contextually, RE appears to provide cardiovascular protection by virtue of its 
antioxidant impact on the endothelium [159,160]. Yet, several studies reported a dark side of RE. 
Posadino et al. reported that RE, at in vivo tissue-attainable doses, can increase the intracellular 
oxidative state. This caused mitochondrial membrane depolarization, provoked mitochondrial 
damage, and induced endothelial cell death [42]. Moreover, they showed that cytochrome P450 
enzymes were the main source of oxidative stress induced by RE. They also demonstrated that RE 
exhibited a biphasic concentration-dependent effect on endothelial cells. Low in vitro RE 
concentrations (0.5 μM) exhibited antioxidant effects by decreasing endothelial cell oxidative state. 
However, higher in vitro concentrations of RE (≥10 μM and 25 μM) increased the endothelial cell 
oxidation state (Figure 1). Consistent with the observed pro-oxidant effects, increasing the dosage of 
RE exerted a significant decrease in metabolic activity of endothelial cells and their survival rate, 
which suggests a robust correlation between the pro-oxidant effect of RE and the cell damage 
Figure 3. Resveratrol- and copper-induced cytotoxicity. The cytotoxic echanisms of RE include the
mobilization of endogenous cop er ions, including c r ati - copper. Resveratrol undergoes
oxidation in the presence f Cu(II) (which is substantially increased in the malignant cells) to a
dimer. This elec o transfer reduces Cu(II) to Cu(I). The dimer is capable of binding DNA to form a
DNA–RE–Cu(II) te nary complex w ich allows the efficient cleavage of DNA. Considering that RE and
copper-induced DNA dam ge will be considerably great r in cancer cells, this mechanism offers a way
for the selective killing of cancer cells by u ing high concentrations of RE.
3.4. Resveratrol Suppresses the Expression and Activity of COX-1 and COX-2
Multiple lines of evidence suggest that the anti-inflammatory and chemo-preventive effects of RE
are due to its ability to reduce expression and activity of COX-1 and COX-2 [133–135]. Indeed, RE
inhibited the expression of COX-2 in lipopolysaccharide-treated Caco-2 cells, leading to a reduction of
prostaglandin 2 (PGE2) production [136]. Non-steroidal anti-inflammatory drugs (NSAIDs), which
inhibit COX-1 and COX-2, are heavily used in the management of inflammatory conditions, but they
are not without adverse gastrointestinal side effects. Interestingly, similar effects were observed when
RE was used to treat inflammatory conditions. Guha et al. demonstrated that RE treatment suppressed
COX-1 expression and reduced the synthesis of PGE2 by gastric tissue. Effectively, RE delayed ulcer
healing in mice with indomethacin-induced gastric ulcers [36].
3.5. Resveratrol Interacts with and Attenuates the Action of Other Drugs
Despite the considerable literature on RE, little is known about potential drug interactions with
RE. A search of the clinical trials database (http://clinicaltrials.gov/) revealed that there are a total of
244 human clinical trials utilizing RE. These clinical trials investigated the potential beneficial effects of
RE in the management of iabetes mellitus, obesity, Alzheimer’s disease, dyslipidemia, hyperte sion,
stroke, cardiovascular dis es, kidn y dise ses, pulmonary diseases, eye diseases, rhinopharyngi is,
inflammatory diseases, metabolic syndromes, and cancers [137]. RE was documented to exhibit adverse
effects in most of these trials. It is becoming evident that RE interacts indir ctly with other medications,
leading to attenuation of the activity or overexpression of drug transporters and CYP450 enzymes, the
major cellular system involved in drug metabolis [138]. Among the P450 enzymes, CYP3A4 is the
main enzyme involved in the metabolism of over 50% of the marketed drugs that rely on metabolic
elimination. Different studies suggest that RE alters or inhibits CYP3A4 enzyme activity [139,140].
Drug transporters, together with metabolic enzymes, are the main determinants that govern
drug disposition. Previous studies indicated that RE could blunt the function and expression of
drug transporters, thus improving the anti-proliferative activity and poor bioavailability of several
drugs [141]. For instance, RE treatment can enhance the oral bioavailability of nicardipine, and this
was associated with a decrease of P-glycoprotein-mediated eﬄux, with P-glycoprotein being a major
drug transporter [142]. Moreover, it was shown (in vivo and in vitro) that RE enhanced methotrexate
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absorption in the intestine and decreased methotrexate renal elimination by inhibiting drug transporters
that included P-glycoprotein, multidrug resistance-associated protein 2 (MRP2), and organic anion
transporters (OAT1/OAT3) [143]. This RE effect may increase the risk of hepatotoxicity [144]. To add,
RE can increase the anticoagulant activity of warfarin, which may increase the risk of bleeding [145].
RE co-treatment was also reported to attenuate the effects of several other drugs. For example,
RE can attenuate the effects of Human immunodeficiency virus (HIV) protease inhibitors [146],
and it can interact with 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase)
inhibitors [147], anti-arrhythmic agents [148], calcium channel agonists [149], antihistamines [150],
and immunosuppressants [151].
4. In Vitro Evidence of the Harmful Effects Induced by RE
4.1. Resveratrol’s Concentration-Dependent Cytotoxicity in Different Cellular Models
RE can dose-dependently manipulate cellular oxidative stress levels and induce DNA damage,
thus offering a potential therapeutic opportunity against cancerous cells (Figure 3). High concentrations
of RE (50 µM) inhibited the proliferation of transformed macrophages, tumor-derived T cells, and
epidermoid carcinoma cells. However, low concentrations of RE (5 µM) stimulated the proliferation of
these cells. Similarly, low RE concentrations (0.5 µM–5 µM) did not alter viability or function of rat
INS-1 pancreatic cells, while higher concentrations (50 µM) increased apoptotic cell death [152].
Resveratrol, at concentrations between 0.1 and 1 µM, elicited anti-proliferative effects in GRX cells,
a cell culture model of activated hepatic stellate cells (HSCs) [153]. Indeed, high RE concentrations
triggered a dose- and time-dependent rise of ROS, ultimately leading to cell death at a dosage of 50
µM of RE and higher [103]. in vitro, high doses of RE (50 µM) reduced GRX cell proliferation, while
higher RE doses (70–100 µM) were cytotoxic to the cells [153]. This is consistent with findings showing
that the high, but not low, RE concentrations (≥25 µM) induced the production of reduced glutathione
and caused cell toxicity, in vitro [154].
By virtue of its ability to modulate oxidative stress, RE can sensitize cancer cells to chemotherapy.
Indeed, the anti-cancer activity of paclitaxel was significantly enhanced when glioblastoma cells were
treated with 50 µM of RE [155]. The potency of RE to inhibit malignant phenotypes can also be
observed with high in vitro concentrations of RE (>50µM) [114,156]. Indeed, RE induced senescence
in osteosarcoma and lung carcinoma cells [114] (Figure 3). In addition, studies showed that RE exerts
a genotoxic effect by inducing chromosomal aberrations, micronucleus cells, and polynuclear and
karyorrhectic cells [157].
4.2. Resveratrol Alters the Redox State of Endothelial Human Cells
Alteration of the redox state of endothelial cells is a critical step in the onset and progression
of CVD [158]. There is increasing interest in naturally occurring antioxidants and their particular
impact on endothelial health. Contextually, RE appears to provide cardiovascular protection by virtue
of its antioxidant impact on the endothelium [159,160]. Yet, several studies reported a dark side of
RE. Posadino et al. reported that RE, at in vivo tissue-attainable doses, can increase the intracellular
oxidative state. This caused mitochondrial membrane depolarization, provoked mitochondrial damage,
and induced endothelial cell death [42]. Moreover, they showed that cytochrome P450 enzymes were
the main source of oxidative stress induced by RE. They also demonstrated that RE exhibited a
biphasic concentration-dependent effect on endothelial cells. Low in vitro RE concentrations (0.5 µM)
exhibited antioxidant effects by decreasing endothelial cell oxidative state. However, higher in vitro
concentrations of RE (≥10 µM and 25 µM) increased the endothelial cell oxidation state (Figure 1).
Consistent with the observed pro-oxidant effects, increasing the dosage of RE exerted a significant
decrease in metabolic activity of endothelial cells and their survival rate, which suggests a robust
correlation between the pro-oxidant effect of RE and the cell damage observed [42]. In line, RE
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promoted the rapid increase in ROS levels, which resulted in a significant pro-oxidant activity [40] and
apoptosis of endothelial cells [41].
4.3. Resveratrol Chemotherapeutic Doses Are Cytotoxic to Normal Healthy Cells
RE was demonstrated to decrease tumor volume, frequency, and incidence, as well as to increase
tumor latency [161,162]. Molecularly, RE chemotherapeutic promise is thought to be achieved clinically
by inducing oxidative stress and apoptosis in different types of cancer cells [109,114,163]. Yet, there
were concerns about possible toxic effects exerted by the recommended chemotherapeutic doses of
RE and other polyphenols on normal cells. The toxicity of different polyphenols, including RE, was
studied on rat thymocytes. Among the different tested polyphenols, RE was the most cytotoxic to
normal rat thymocytes. Resveratrol at 10 µM or higher led to a significant concentration-dependent
increase in apoptotic cells [164]. RE also decreased the viability of 3T6 fibroblasts and HL60 tumor
cells [165]. In mesenchymal stem cells, 0.1 µM RE promoted self-renewal, whereas concentrations
above 5 mM increased senescence rate and inhibited self-renewal [166,167]. As such, further studies
are needed to assert the safety of RE against normal healthy cell lines, especially before promoting RE
as an anti-cancer agent.
5. In Vivo Non-Human Evidence of the Harmful Effects of Resveratrol
RE is very well tolerated by experimental models with no major adverse effects. Orally
administered RE, at doses of 200 mg/kg/day in rats and 600 mg/kg/day in dogs for 90 days, did not
show any apparent side effect [168]. Yet, several studies reported that RE can exert toxic effects in
experimental animal models.
Resveratrol-Associated Toxicity in Rodents
Several studies reported the in vivo toxicity of RE in rats. For instance, when administered in
high doses, RE could lead to death due to cardiac inflammation, dilatation of the renal tubules, necrosis
of the papillary, acute inflammation in the pelvic area, and severe nephropathy. In addition, high doses
of RE could cause significant increases in the blood urea nitrogen (BUN) and creatinine levels, as well
as liver enzymes [35].
The cardioprotective effect of increasing doses of RE in parallel with another resveratrol formulation,
namely, Longevinex, was also studied. Three different does of both RE and Longevinex (2.5 mg/kg,
25 mg/kg and 100 mg/kg) were administered to a group of rats for 30 days, while placebo was given to
the control group. The data showed a hormetic response for pure RE, which provided cardioprotection
at lower doses and detrimental effects at higher ones. Interestingly, Longevinex failed to display any
hormetic action, remaining cardioprotective even at 100 mg/100 g body weight, a dose that induced
100% heart death when tested with pure resveratrol [63].
RE’s toxic effects were also studied in mice. A mouse model of indomethacin-induced gastric
ulcers, a phenomenon where COX-1 and eNOS act as pivotal players in switching the RE biphasic
effects form positive (healing ulcerative damage) to negative (promoting ulcerative damage), was
employed. In this model, while a low dose of RE (2 mg·kg−1) increased eNOS expression without
affecting COX-1 expression, a high dose of RE (10 mg·kg−1) significantly suppressed COX-1 expression,
ultimately reducing PGE2 synthesis and the reparative angiogenesis in ulcerated mice. Administration
of l-arginine before RE significantly increased tissue NO synthesis and improved ulcerative healing,
confirming the RE high-dose pro-oxidant effect as responsible for promoting ulcerative damage [36].
A role for RE in kidney fibrosis was also studied in mice. in vivo, low-dose RE administration
(≤25 mg/kg) partly improved renal function in mice with kidney damage caused by unilateral ureteral
obstruction (UUO); high-dose administration of RE (≥50 mg/kg) lost its anti-fibrotic effect, aggravating
renal fibrosis instead. Noteworthy, mice with kidney damage caused by unilateral UUO were more
susceptible to high-dose RE-induced renal injury than normal mice [169].
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The potential toxicity and anti-angiogenic activity of RE was also evaluated in zebrafish. Different
doses of RE (10, 50, and 100 µM), considered relatively high in in vitro models, were used to treat
zebrafish embryos. RE (100 µM) inhibited the formation of major blood vessels by downregulating
VEGF. This dose-dependent toxicity was concomitant with teratogenic deformities, reduction in the
survival rate, heart edema, and reduction in the hatching rate [170]. The lethal dose 50 (LD50) of
zebrafish embryos treated with RE for 96 hours was 75.3 mg/L [171]. Moreover, the short-term in vivo
chorionic ecotoxicity of zebrafish treated with RE showed an LD50 of 51.4 mg/L [171].
Given the reports about the toxicity of RE in rodents and zebrafish, combined with the lack of full
data on RE systemic toxicity in other species, the toxicity of RE on target organs remains mostly not
well defined and is pending further studies.
6. In Vivo and In Vitro Human Evidence of the Harmful Effects of Resveratrol
6.1. Resveratrol Can Lead to Hypersensitivity and Alteration of Human Cytokine, Blood, and Liver Parameters
Currently, RE supplementation is widely used in humans, because of its reported potential
antitumor and anti-inflammatory properties; however, its harmful effects are not well characterized.
Here, we stress that RE doses that are considered high and toxic in vitro (above 25 µM) may
not be high in vivo and that the optimal effective dose for human supplementation remains to be
determined. Human subjects are yet to show any adverse effects following their supplementation with
high doses of RE [172]. Nonetheless, Cottart et al. confirmed that, despite the extensive research on the
benefits derived from RE, there was not enough research conducted to assess its harmful effects [59],
especially since human clinical studies are limited. For instance, RE can cause considerable reductions
in white blood cell (WBC) counts and plasma IL-6 or TNF levels, as well as elevations of plasma
alanine aminotransferase (ALT) levels [173,174]. In addition, high doses of RE (2–5 g per day) can
lead to episodes of light and mild diarrhea, nausea, hypersensitivity, and anal pruritus [175]. To the
average healthy individual, these side effects may not be important to mention, but they may be a
major disadvantage in individuals suffering from certain pathologic conditions.
6.2. Resveratrol Can Increase DNA Damage and Proteolysis
There is an abundance of published research that suggests vast health benefits of RE. Yet, adverse
effects of RE in humans were also reported. These effects could be due to RE-increased ROS levels
which may evoke proteolysis and DNA damage [176,177]. Although the actual biologically effective
dose range of RE in vivo remains to be determined, it is important to differentiate the in vitro toxic
concentrations (e.g. above 25 µM) from what may be the RE toxic dose in vivo. For instance,
administration of an RE dosage of 20 mg/kg/day for 28 days to rats showed no adverse effects in the
animals [178]. It is worth mentioning that this dose is 1000 times the amount consumed by a 70-kg
human taking 1.4 g of trans-resveratrol/day. Using the same dosage, another study reported that
RE enhanced sperm production in rats without any adverse effects [179]. However, when RE was
administered, also to rats, for the same time, at a dosage of (0.3, 1.0, or 3.0 g/kg/day), aberrant expression
of hepatic genes was noted, likely indicative of liver damage [180]. Four-week administration of RE at
0, 300, 1000, and 3000 mg/kg/day failed to induce adverse effects up to 300 mg/kg/day, while dosage
of 1000 and 3000 mg/kg/day induced renal toxicity [35]. A significant increase in bilirubin levels was
observed in rats administered with the 1000 (mg/kg)/day dose of RE, while 200 (mg/kg)/day in rats and
600 mg/kg/day in dogs did not cause adverse effects [168]. As such, it appears that RE needs to be
administered in extremely high doses for it to elicit a significant toxic effect in vivo.
6.3. Human Trials with Resveratrol
RE intake has pleiotropic effects in humans [181]. Although it is generally well tolerated,
some adverse effects including nephrotoxicity and gastrointestinal problems were reported in human
subjects [182,183]. A 450 mg/day dose of RE was reported to be a safe dose for a 60-kg person [184].
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However, RE at a dosage of 1000 mg/day or above was reported to inhibit cytochrome P450 isoenzymes
such as CYP3A4, CYP2C9, and CYP2D6, while activating CYP1A2, thus leading to interactions with
many other drugs [2]. Therefore, orally administered high doses (more than 1000 mg/day) of RE
indicate differences in pharmacokinetics of concomitantly administered drugs.
Despite the fact that RE seems to have beneficial antioxidant activity in human patients, there seems
to be negative effects associated with RE intake on the metabolic status, endothelial health, inflammation,
and cardiovascular markers in human patients [181]. In this context, a higher dose of RE (1000mg/day)
was recently shown to elevate biomarkers of CVD risk (oxidized low-density lipoprotein (ox-LDL),
soluble E-selectin 1 (sE-selectin 1), soluble intercellular adhesion molecule-1 (sICAM-1), soluble vascular
cell adhesion molecule-1 (sVCAM-1), and total plasminogen activator inhibitor (tPAI-1) in overweight
older adults, while lower doses did not have any effect on the same biomarkers [33]. These results
are conformant with the hormetic effect of RE. Similarly, administration of 300 mg/day of RE failed
to induce changes in the cognitive function, while the dosage of 1000/mg/day was able to selectively
improve only the psychomotor speed (Trail Making Test) without affecting the other battery test [185].
The contradiction of the results is proposed to be due to the dose, varying gut microbiota, health status,
and the bioavailability and pharmacokinetics of RE. Other causes for such differing results could be due
to age, gender, lifestyle, the administration of RE with or without food, and the form of administration
(caplet, tablet, powder, gel caps). As such, future research should conduct more uniform studies with
similar study designs in order to eliminate the high level of unrelated variability [181].
Overall, RE is well tolerated in healthy individuals; however, not much research was conducted
on patients with certain health conditions prior to administering RE. This could be one reason for the
loss of a multiple myeloma patient in one clinical trial of RE intake [186]. In a phase II clinical trial
on patients with refractory multiple myeloma, a daily dose of 5.0 g of RE was administered. Side
effects of RE including nausea, diarrhea, fatigue, and renal toxicity might have caused the loss of this
patient [186]. Hence, more in vivo research involving animal models of varying health status must be
conducted prior to performing human studies to prevent the likelihood of the loss of patients during
human trials. More clinical trials on RE are needed in humans before it can be considered for human
therapeutic or preventative use. According to clinicaltrails.gov, several clinical trials were completed,
but are yet to be published. When published, the results of such trials are expected to unravel more
data into the use of RE in humans [187–190].
6.4. Resveratrol Impacts Cancer Onset: Clinical Studies
A role for RE in cancer was proposed, stemming mainly from in vitro studies looking at RE actions
on cancer cells and their signaling pathways. There are, however, comparatively fewer studies that
investigated the effect of RE treatment and its consequent outcomes on cancer patients in vivo. The
main limitation in such studies is poor bioavailability of RE when orally administered [191]. Indeed,
despite the fact that in vitro studies showed promising results, a number of in vivo studies failed to
attribute beneficial effects to RE [58,192]. Poor RE pharmacokinetics could be a reasonable explanation
for this phenomenon. For instance, it was found that 70% of a 25-mg oral dose of RE was absorbed in
the intestines, but only trace amounts of RE were found in blood plasma [66]. Another reason could
be the metabolism of RE into RE sulfate and glucuronide conjugates [66,193,194]. Gut microbiota is
another variation that can lead to different in vivo effects of RE, whereby the gut bacteria can metabolize
dietary RE into active and bioavailable metabolites [195,196]. To add, genetic background is another
variation that can lead to variability of the enzymes involved in the sulfation and subsequent activation
of xenobiotics, such as RE, in human subjects [197,198].
Administration of RE in animal cancer models showed variable effects: positive, negative, or
completely neutral. This depended on the dosage, the tumor model itself, and the species of animals,
amongst other variables like sex and strain of animals, method or timing of RE administration [199].
Thus, it is of utmost importance to homogenize the results of animal testing by conducting experiments
with similar study designs prior to even attempting to study the effects of RE in humans. As a result,
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clinical evidence for the use of RE as an effective supplement in cancer prevention or treatment in
humans is scarce. The first phase I clinical trial looking at RE as a therapy in human cancer patients was
published in 2009 [200]. Patients with colorectal cancer had normal and cancerous intestinal mucosal
samples biopsied at the time of diagnosis and 14 days following daily oral administration of RE (20
and 80 mg/day; n = 2 and 1, respectively) or grape powder (80 and 120 g/day; n = 3 and 2, respectively).
Neither RE nor grape powder administration had an effect on Wnt signaling in the cancerous mucosa,
but their supplementation resulted in decreased Wnt target gene expression in adjacent normal mucosa.
Interestingly, the most significant effects were observed using low doses of grape powder. This led the
authors to conclude that RE in combination with other compounds present in grapes could possibly be
used to decrease the risk of colon cancer development by reducing Wnt pathway signaling. However,
this treatment may not be as effective against an already established colon cancer [200].
In a similar context, it is known that the increase in insulin-like growth factor 1 (IGF1) and
the decrease in IGF-binding protein 3 (IGFBP3) are correlated with tumor formation and metastasis.
Supplementation of 2.5 g/day RE for 29 days significantly reduced IGF1 and IGFBP3 levels in plasma.
This advances the notion that RE has chemopreventive activities [172]. Moreover, when healthy
subjects were given 1.0 g of RE for four -weeks, lymphocyte counts and levels of enzymes involved in
carcinogenesis and drug metabolism were favorably modulated with no significant adverse effects [201].
Hence, we believe that the safety of RE needs to be further investigated especially when considering
the co-administration of RE with other medications.
Until now, the most promising use of RE, in cancer therapy, seems to be in cancer prevention
rather than cancer treatment (Figures 3 and 4).
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development, depending on its concentration. At low to moderate concentrations, RE, by acting as a
chemopreventive agent, can block cancer initiation. This is achieved by suppression of spontaneous
mutations and a reduction of cancer promotion that can lead to decreased tumor growth rate. At higher
concentrations, RE can alter the late stages of carcinogenesis. By acting as a cytotoxic agent, RE can halt
the progression and metastasis of cancer cells through the inhibition of angiogenesis and invasion of
primary tumor cells. Hence, RE can be used to prevent cancer formation at its early stages or halt the
progression and subsequent metastasis by acting as a cytotoxic agent [202–206].
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are being employed. These include nanoparticles, liposomes, and emulsions [207,208]. Solid lipid
nanoparticles are novel drug carriers that can incorporate lipophilic drugs and improve their stability
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and bioavailability, water solubility, safety, bio-distribution, and biocompatibility [209]. Loading RE
into poly-lactic-co-glycolic acid (PLGA) nanoparticles increased RE oral bioavailability up to 335.7%,
in comparison to RE, alone following administration in rats [210]. Nanoparticle formulations even
enhanced the therapeutic potential and efficacy of RE, especially its in vivo anti-cancer activities in
several cancer types. RE was able to increase RE bio-distribution and decrease the tumor size of
gliomas, as well as ovarian and colorectal cancers [211,212]. Further advancements in RE carrier
delivery should help alleviate the harmful effects of high doses of RE, not only in cancer treatment but
also in other diseases where RE showed therapeutic effects.
8. Resveratrol as a Complementary Therapy
Evidence obtained from literature analysis points to the fact that the contradictory results from
RE in vivo studies may be due to its poor bioavailability. However, RE poor bioavailability can
be addressed by the employment of complementary therapy. Combining polyphenols with other
bioactive components and micronutrients was reported to produce synergic therapeutic effects probably
by enhancing bioavailability of polyphenols and expanding the metabolic effects of the combined
agents [188–190]. Using their hydroxyl groups, polyphenols (Figure 2) can interact and associate
with other compounds such as proteins and other nutrients, and this ultimately modulates their
efficacy [187]. Polyphenol complexes may have a better stabilized chemical structure, enhanced
solubility, and absorption into the small intestine in contrast to free polyphenols [213]. Polyphenol
complexes have the ability to target multiple metabolic pathways, which could be another reason
for employment of RE with other therapeutic combinations. Indeed, RE with different therapeutic
combinations was reported to exert beneficial effects in different disorders and diseases, especially
cancer [188–190]. This is despite the fact that RE can decrease the efficacy of certain drugs as
mentioned above.
A tri-combination (TriCurin) of three polyphenols (curcumin obtained from spice turmeric,
RE, and epicatechin gallate from green tea) was tested for its anti-cancer properties against human
papillomavirus (HPV)-positive head and neck squamous cell carcinoma. When injected intratumorally
in vivo, TriCurin was able to inhibit tumor growth by 85% as compared to the control, while, in vitro,
it decreased cell viability, clonogenic survival, and tumor sphere formation, as well as significantly
increased apoptosis [214]. Furthermore, TriCurin was able to decrease HPV16 E6 and HPV16 E7 and
increase p53 protein levels [214,215]. In another study, relatively low doses of RE and epicatechin gallate
were reported to inhibit casein kinase 2, which in turn can induce apoptosis in prostate cancer cells [216].
A combination of several polyphenols including RE, formulated as Cruciferex™, a compound obtained
from cruciferous vegetables, was tested on human Fanconi anemia head and neck squamous carcinoma.
The polyphenol mixture was able to significantly inhibit cell proliferation cell migration and matrix
metalloproteinases (MMP) secretion [217].
Aside from achieving synergistic biological effects, combing vitamins with polyphenols was
reported to stabilize, maintain, and support the activity of polyphenols, which could be an essential
parameter for achieving the sought-after cooperative effects. A combination of RE and vitamin D3
was reported to enhance the estrogenic action of RE and its ability to modulate estrogen receptor
(ER)-mediated transcription [190]. Such cooperative effects of RE and vitamin D3 were even reported
in diabetic nephropathy. A combination of RE and vitamin D3 was shown to effectively reduce TNF-α
and IL-6 expression when compared to individual drug treatments [218]. A combination of glucan,
vitamin C, and RE demonstrated a strong anti-tumor potential by suppressing the growth of breast
and lung tumors in in vivo models, which was superior to that of the individual agents [188]. These
findings provide evidence that the combination of polyphenols, nutrients, and other agents with
additive and/or complementary effects may be the way to achieve synergic actions in the face of cancer
and other diseases that need to be targeted at different molecular pathways.
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9. Current Concerns and Recommendations
The biological effects of RE, as well as its in vitro and in vivo outcomes, appear to be strongly
associated with a hormetic effect where RE low doses usually are associated with beneficial effects
while high doses usually have a toxic effect [44]. In this regard, evidence suggests that RE’s hormetic
property may be due to its dose-associated biphasic effect on the cellular redox state, which was
reported to be antioxidant at low doses and a pro-oxidant at high doses [38,43,44,63]. As such, there
are concerns that studies on the compound mostly focused on the short-term outcomes of RE intake.
Given that we suggest that many of the controversial results present in the literature may be due
to this hermetic aspect, it is suggested that RE dosage and RE interaction with the redox state of
the environment appear to be of primary importance; especially when precise redox modulation is
needed to allow a physiological function or to promote a deleterious effect. Other aspects related to RE
controversial data appear to be differences in the characteristics of the enrolled patients, RE doses used,
and the duration of RE supplementation; therefore, more extensive studies in more complex models
are warranted in order to validate the current findings.
Notwithstanding the substantial number of human and animal studies that support the beneficial
and protective properties of RE [60,181,219–222], there are not enough clinical studies that report on
RE’s harmful effects, which are indeed full of controversy. Moreover, the molecular mechanism of
RE action needs to be better identified. All of these contradictions call for an urgent need to appraise
and investigate the adverse outcomes of this compound despite its documented benefits. Above
all, the high level of variability among all the different studies calls for a more uniform design of
clinical trials to properly investigate the effects of RE and define its mechanisms of disease therapy
and prevention.
Funding: This work was made possible thanks to Qatar University grants [IRCC-2019-007] to G.K.N. and G.P., as
well as [Ager S.O.S.] and [fondo UNISS di Ateneo per la ricerca 2019] to G.P.
Acknowledgments: The authors would like to thank Qatar National Library for sponsoring the publication fees
of this paper.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Takaoka, M. Resveratrol, a new phenolic compound, from Veratrum grandiflorum. J. Chem. Soc. Jpn. 1939,
60, 1090–1100.
2. Detampel, P.; Beck, M.; Krahenbuhl, S.; Huwyler, J. Drug interaction potential of resveratrol. Drug Metab.
Rev. 2012, 44, 253–265. [CrossRef] [PubMed]
3. Cardile, V.; Chillemi, R.; Lombardo, L.; Sciuto, S.; Spatafora, C.; Tringali, C. Antiproliferative activity of
methylated analogues of E- and Z-resveratrol. Z. Nat. C. J. Biosci. 2007, 62, 189–195. [CrossRef] [PubMed]
4. Weiskirchen, S.; Weiskirchen, R. Resveratrol: How Much Wine Do You Have to Drink to Stay Healthy? Adv.
Nutr. Int. Rev. J. 2016, 7, 706–718. [CrossRef]
5. Nawaz, W.; Zhou, Z.; Deng, S.; Ma, X.; Ma, X.; Li, C.; Shu, X. Therapeutic Versatility of Resveratrol Derivatives.
Nutrients 2017, 9, 1188. [CrossRef]
6. Li, M.; Kildegaard, K.R.; Chen, Y.; Rodriguez, A.; Borodina, I.; Nielsen, J. De novo production of resveratrol
from glucose or ethanol by engineered Saccharomyces cerevisiae. Metab. Eng. 2015, 32, 1–11. [CrossRef]
7. Chen, X.; He, H.; Wang, G.; Yang, B.; Ren, W.; Ma, L.; Yu, Q. Stereospecific determination of cis- and
trans-resveratrol in rat plasma by HPLC: application to pharmacokinetic studies. Biomed. Chromatogr. 2007,
21, 257–265. [CrossRef]
8. Camont, L.; Cottart, C.H.; Rhayem, Y.; Nivet-Antoine, V.; Djelidi, R.; Collin, F.; Beaudeux, J.L.;
Bonnefont-Rousselot, D. Simple spectrophotometric assessment of the trans-/cis-resveratrol ratio in aqueous
solutions. Anal. Chim. Acta 2009, 634, 121–128. [CrossRef]
9. Colica, C.; Milanovic´, M.; Milic´, N.; Aiello, V.; De Lorenzo, A.; Abenavoli, L. A Systematic Review on Natural
Antioxidant Properties of Resveratrol. Nat. Prod. Commun. 2018, 13, 1934578X1801300923. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 16 of 26
10. Bo, S.; Ciccone, G.; Castiglione, A.; Gambino, R.; De Michieli, F.; Villois, P.; Durazzo, M.; Cavallo-Perin, P.;
Cassader, M. Anti-inflammatory and antioxidant effects of resveratrol in healthy smokers a randomized,
double-blind, placebo-controlled, cross-over trial. Curr. Med. Chem. 2013, 20, 1323–1331. [CrossRef]
11. Pannu, N.; Bhatnagar, A. Resveratrol: From enhanced biosynthesis and bioavailability to multitargeting
chronic diseases. Biomed. Pharm. 2019, 109, 2237–2251. [CrossRef] [PubMed]
12. Andrade, S.; Ramalho, M.J.; Pereira, M.D.C.; Loureiro, J.A. Resveratrol Brain Delivery for Neurological
Disorders Prevention and Treatment. Front. Pharm. 2018, 9, 1261. [CrossRef]
13. Xiao, Q.; Zhu, W.; Feng, W.; Lee, S.S.; Leung, A.W.; Shen, J.; Gao, L.; Xu, C. A Review of Resveratrol as a Potent
Chemoprotective and Synergistic Agent in Cancer Chemotherapy. Front. Pharmacol. 2019, 9. [CrossRef]
[PubMed]
14. Wong, R.H.; Nealon, R.S.; Scholey, A.; Howe, P.R. Low dose resveratrol improves cerebrovascular function in
type 2 diabetes mellitus. Nutr. Metab. Cardiovasc. Dis. 2016, 26, 393–399. [CrossRef] [PubMed]
15. Wang, H.; Zhou, H.; Zou, Y.; Liu, Q.; Guo, C.; Gao, G.; Shao, C.; Gong, Y. Resveratrol modulates angiogenesis
through the GSK3beta/beta-catenin/TCF-dependent pathway in human endothelial cells. Biochem. Pharm.
2010, 80, 1386–1395. [CrossRef] [PubMed]
16. Falchetti, R.; Fuggetta, M.P.; Lanzilli, G.; Tricarico, M.; Ravagnan, G. Effects of resveratrol on human immune
cell function. Life Sci. 2001, 70, 81–96. [CrossRef]
17. Ortega, I.; Wong, D.H.; Villanueva, J.A.; Cress, A.B.; Sokalska, A.; Stanley, S.D.; Duleba, A.J. Effects of
resveratrol on growth and function of rat ovarian granulosa cells. Fertil Steril 2012, 98, 1563–1573. [CrossRef]
18. Mizuguchi, Y.; Hatakeyama, H.; Sueoka, K.; Tanaka, M.; Goto, Y.I. Low dose resveratrol ameliorates
mitochondrial respiratory dysfunction and enhances cellular reprogramming. Mitochondrion 2017, 34, 43–48.
[CrossRef]
19. Sergi, D.; Naumovski, N.; Heilbronn, L.K.; Abeywardena, M.; O’Callaghan, N.; Lionetti, L.;
Luscombe-Marsh, N. Mitochondrial (Dys)function and Insulin Resistance: From Pathophysiological
Molecular Mechanisms to the Impact of Diet. Front. Physiol. 2019, 10, 532. [CrossRef]
20. Petrovski, G.; Gurusamy, N.; Das, D.K. Resveratrol in cardiovascular health and disease. Ann. N. Y. Acad.
Sci. 2011, 1215, 22–33. [CrossRef]
21. Li, H.G.; Xia, N.; Forstermann, U. Cardiovascular effects and molecular targets of resveratrol. Nitric Oxide-Biol.
2012, 26, 102–110. [CrossRef] [PubMed]
22. Sadi, G.; Ergin, V.; Yilmaz, G.; Pektas, M.B.; Yildirim, O.G.; Menevse, A.; Akar, F. High-fructose corn
syrup-induced hepatic dysfunction in rats: Improving effect of resveratrol. Eur. J. Nutr. 2015, 54, 895–904.
[CrossRef] [PubMed]
23. Regitz, C.; Fitzenberger, E.; Mahn, F.L.; Dussling, L.M.; Wenzel, U. Resveratrol reduces amyloid-beta
(Abeta(1)(-)(4)(2))-induced paralysis through targeting proteostasis in an Alzheimer model of Caenorhabditis
elegans. Eur. J. Nutr. 2016, 55, 741–747. [CrossRef] [PubMed]
24. Akaberi, M.; Hosseinzadeh, H. Grapes (Vitis vinifera) as a Potential Candidate for the Therapy of the
Metabolic Syndrome. Phytother. Res. Ptr 2016, 30, 540–556. [CrossRef] [PubMed]
25. Magyar, K.; Halmosi, R.; Palfi, A.; Feher, G.; Czopf, L.; Fulop, A.; Battyany, I.; Sumegi, B.; Toth, K.; Szabados, E.
Cardioprotection by resveratrol: A human clinical trial in patients with stable coronary artery disease.
Clin. Hemorheol. Microcirc. 2012, 50, 179–187. [CrossRef]
26. Zhang, Y.; Li, X.R.; Zhao, L.; Duan, G.L.; Xiao, L.; Chen, H.P. DJ-1 preserving mitochondrial complex I
activity plays a critical role in resveratrol-mediated cardioprotection against hypoxia/reoxygenation-induced
oxidative stress. Biomed. Pharm. 2018, 98, 545–552. [CrossRef]
27. Mokni, M.; Hamlaoui, S.; Karkouch, I.; Amri, M.; Marzouki, L.; Limam, F.; Aouani, E. Resveratrol Provides
Cardioprotection after Ischemia/reperfusion Injury via Modulation of Antioxidant Enzyme Activities. Iran J.
Pharm. Res. 2013, 12, 867–875.
28. Bradamante, S.; Barenghi, L.; Piccinini, F.; Bertelli, A.A.; De Jonge, R.; Beemster, P.; De Jong, J.W. Resveratrol
provides late-phase cardioprotection by means of a nitric oxide- and adenosine-mediated mechanism.
Eur. J. Pharm. 2003, 465, 115–123. [CrossRef]
29. Wu, J.M.; Hsieh, T.C.; Wang, Z. Cardioprotection by resveratrol: a review of effects/targets in cultured cells
and animal tissues. Am. J. Cardiovasc. Dis. 2011, 1, 38–47.
30. Ponzo, V.; Soldati, L.; Bo, S. Resveratrol: A supplementation for men or for mice? J. Transl. Med. 2014, 12,
158. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 17 of 26
31. Carrizzo, A.; Forte, M.; Damato, A.; Trimarco, V.; Salzano, F.; Bartolo, M.; Maciag, A.; Puca, A.A.; Vecchione, C.
Antioxidant effects of resveratrol in cardiovascular, cerebral and metabolic diseases. Food Chem. Toxicol. 2013,
61, 215–226. [CrossRef] [PubMed]
32. Cucciolla, V.; Borriello, A.; Oliva, A.; Galletti, P.; Zappia, V.; Della Ragione, F. Resveratrol: from basic science
to the clinic. Cell Cycle 2007, 6, 2495–2510. [CrossRef] [PubMed]
33. Mankowski, R.T.; You, L.; Buford, T.W.; Leeuwenburgh, C.; Manini, T.M.; Schneider, S.; Qiu, P.; Anton, S.D.
Higher dose of resveratrol elevated cardiovascular disease risk biomarker levels in overweight older adults -
A pilot study. Exp. Gerontol. 2020, 131, 110821. [CrossRef]
34. Wilson, T.; Knight, T.J.; Beitz, D.C.; Lewis, D.S.; Engen, R.L. Resveratrol promotes atherosclerosis in
hypercholesterolemic rabbits. Life Sci. 1996, 59, PL15–21. [CrossRef]
35. Crowell, J.A.; Korytko, P.J.; Morrissey, R.L.; Booth, T.D.; Levine, B.S. Resveratrol-Associated Renal Toxicity.
Toxicol. Sci. 2004, 82, 614–619. [CrossRef] [PubMed]
36. Guha, P.; Dey, A.; Chatterjee, A.; Chattopadhyay, S.; Bandyopadhyay, S.K. Pro-ulcer effects of resveratrol in
mice with indomethacin-induced gastric ulcers are reversed by L-arginine. Br. J. Pharm. 2010, 159, 726–734.
[CrossRef]
37. Tome-Carneiro, J.; Larrosa, M.; Gonzalez-Sarrias, A.; Tomas-Barberan, F.A.; Garcia-Conesa, M.T.; Espin, J.C.
Resveratrol and Clinical Trials: The Crossroad from In Vitro Studies to Human Evidence. Curr. Pharm. Des.
2013, 19, 6064–6093. [CrossRef]
38. Rocha, K.K.R.; Souza, G.A.; Ebaid, G.X.; Seiva, F.R.F.; Cataneo, A.C.; Novelli, E.L.B. Resveratrol toxicity:
Effects on risk factors for atherosclerosis and hepatic oxidative stress in standard and high-fat diets.
Food Chem. Toxicol. 2009, 47, 1362–1367. [CrossRef]
39. Gadacha, W.; Ben-Attia, M.; Bonnefont-Rousselot, D.; Aouani, E.; Ghanem-Boughanmi, N.; Touitou, Y.
Resveratrol opposite effects on rat tissue lipoperoxidation: pro-oxidant during day-time and antioxidant at
night (rats). Redox Rep. 2009, 14, 154–158. [CrossRef]
40. Giordo, R.; Cossu, A.; Pasciu, V.; Hoa, P.T.; Posadino, A.M.; Pintus, G. Different redox response elicited by
naturally occurring antioxidants in human endothelial cells. Open Biochem. J. 2013, 7, 44–53. [CrossRef]
41. Pasciu, V.; Posadino, A.M.; Cossu, A.; Sanna, B.; Tadolini, B.; Gaspa, L.; Marchisio, A.; Dessole, S.;
Capobianco, G.; Pintus, G. Akt downregulation by flavin oxidase-induced ROS generation mediates
dose-dependent endothelial cell damage elicited by natural antioxidants. Toxicol. Sci. 2010, 114, 101–112.
[CrossRef] [PubMed]
42. Posadino, A.M.; Cossu, A.; Giordo, R.; Zinellu, A.; Sotgia, S.; Vardeu, A.; Hoa, P.T.; Nguyen, L.H.V.; Carru, C.;
Pintus, G. Resveratrol alters human endothelial cells redox state and causes mitochondrial-dependent cell
death. Food Chem. Toxicol. 2015, 78, 10–16. [CrossRef] [PubMed]
43. Posadino, A.M.; Giordo, R.; Cossu, A.; Nasrallah, G.K.; Shaito, A.; Abou-Saleh, H.; Eid, A.H.; Pintus, G.
Flavin Oxidase-Induced ROS Generation Modulates PKC Biphasic Effect of Resveratrol on Endothelial Cell
Survival. Biomolecules 2019, 9, 209. [CrossRef] [PubMed]
44. Calabrese, E.J.; Mattson, M.P.; Calabrese, V. Resveratrol commonly displays hormesis: occurrence and
biomedical significance. Hum. Exp. Toxicol. 2010, 29, 980–1015. [CrossRef] [PubMed]
45. Borriello, A.; Bencivenga, D.; Caldarelli, I.; Tramontano, A.; Borgia, A.; Pirozzi, A.; Oliva, A.; Della Ragione, F.
Resveratrol and cancer treatment: Is hormesis a yet unsolved matter. Curr. Pharm. Des. 2013, 19, 5384–5393.
[CrossRef] [PubMed]
46. Calabrese, E.J.; Bachmann, K.A.; Bailer, A.J.; Bolger, P.M.; Borak, J.; Cai, L.; Cedergreen, N.; Cherian, M.G.;
Chiueh, C.C.; Clarkson, T.W.; et al. Biological stress response terminology: Integrating the concepts of adaptive
response and preconditioning stress within a hormetic dose-response framework. Toxicol. Appl. Pharm. 2007,
222, 122–128. [CrossRef]
47. Bottner, M.; Christoffel, J.; Jarry, H.; Wuttke, W. Effects of long-term treatment with resveratrol and
subcutaneous and oral estradiol administration on pituitary function in rats. J. Endocrinol. 2006, 189, 77–88.
[CrossRef]
48. Sale, S.; Verschoyle, R.D.; Boocock, D.; Jones, D.J.; Wilsher, N.; Ruparelia, K.C.; Potter, G.A.; Farmer, P.B.;
Steward, W.P.; Gescher, A.J. Pharmacokinetics in mice and growth-inhibitory properties of the putative
cancer chemopreventive agent resveratrol and the synthetic analogue trans 3,4,5,4’-tetramethoxystilbene.
Br. J. Cancer 2004, 90, 736–744. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 18 of 26
49. Pignatelli, P.; Ghiselli, A.; Buchetti, B.; Carnevale, R.; Natella, F.; Germano, G.; Fimognari, F.; Di Santo, S.;
Lenti, L.; Violi, F. Polyphenols synergistically inhibit oxidative stress in subjects given red and white wine.
Atheroscler 2006, 188, 77–83. [CrossRef]
50. Bertelli, A.; Giovannini, L.; Giannessi, D. Plasma, urine and tissue levels of trans-and cisresveratrol (3, 4h,
5-trihydroxystilbene) after short-term or prolonged administration of red wine to rats. Int. J. Tissue React.
1996, 17, 1–3.
51. Vitrac, X.; Desmouliere, A.; Brouillaud, B.; Krisa, S.; Deffieux, G.; Barthe, N.; Rosenbaum, J.; Merillon, J.M.
Distribution of [14C]-trans-resveratrol, a cancer chemopreventive polyphenol, in mouse tissues after oral
administration. Life Sci. 2003, 72, 2219–2233. [CrossRef]
52. Cai, H.; Scott, E.; Kholghi, A.; Andreadi, C.; Rufini, A.; Karmokar, A.; Britton, R.G.; Horner-Glister, E.;
Greaves, P.; Jawad, D.; et al. Cancer chemoprevention: Evidence of a nonlinear dose response for the
protective effects of resveratrol in humans and mice. Sci. Transl. Med. 2015, 7, 298ra117. [CrossRef] [PubMed]
53. Jannin, B.; Menzel, M.; Berlot, J.; Delmas, D.; Lançon, A.; Latruffe, N. Transport of resveratrol, a cancer
chemopreventive agent, to cellular targets: Plasmatic protein binding and cell uptake. Biochem. Pharmacol.
2004, 68, 1113–1118. [CrossRef]
54. Schroeder, P.; Klotz, L.; Sies, H. Amphiphilic properties of ( )-epicatechin and their significance for protection
of cells against peroxynitrite. Biochem. Biophys. Res. Commun. 2003, 307, 69–73. [CrossRef]
55. Xu, H.; Hua, Y.; Zhong, J.; Li, X.; Xu, W.; Cai, Y.; Mao, Y.; Lu, X. Resveratrol Delivery by Albumin Nanoparticles
Improved Neurological Function and Neuronal Damage in Transient Middle Cerebral Artery Occlusion Rats.
Front. Pharm. 2018, 9, 1403. [CrossRef] [PubMed]
56. Rezende, J.P.; Hudson, E.A.; De Paula, H.M.C.; Meinel, R.S.; Da Silva, A.D.; Da Silva, L.H.M.; Pires, A.
Human serum albumin-resveratrol complex formation: Effect of the phenolic chemical structure on the
kinetic and thermodynamic parameters of the interactions. Food Chem. 2020, 307, 125514. [CrossRef]
57. De Santi, C.; Pietrabissa, A.; Spisni, R.; Mosca, F.; Pacifici, G.M. Sulphation of resveratrol, a natural compound
present in wine, and its inhibition by natural flavonoids. Xenobiotica 2000, 30, 857–866. [CrossRef]
58. Baur, J.A.; Sinclair, D.A. Therapeutic potential of resveratrol: The in vivo evidence. Nat. Rev. Drug Discov
2006, 5, 493–506. [CrossRef]
59. Cottart, C.H.; Nivet-Antoine, V.; Laguillier-Morizot, C.; Beaudeux, J.L. Resveratrol bioavailability and toxicity
in humans. Mol. Nutr. Food Res. 2010, 54, 7–16. [CrossRef]
60. Salehi, B.; Mishra, A.P.; Nigam, M.; Sener, B.; Kilic, M.; Sharifi-Rad, M.; Fokou, P.V.T.; Martins, N.; Sharifi-Rad, J.
Resveratrol: A Double-Edged Sword in Health Benefits. Biomedicines 2018, 6, 91. [CrossRef]
61. Giuliani, C.; Bucci, I.; Di Santo, S.; Rossi, C.; Grassadonia, A.; Mariotti, M.; Piantelli, M.; Monaco, F.;
Napolitano, G. Resveratrol inhibits sodium/iodide symporter gene expression and function in rat thyroid
cells. PLoS ONE 2014, 9, e107936. [CrossRef] [PubMed]
62. Giuliani, C.; Iezzi, M.; Ciolli, L.; Hysi, A.; Bucci, I.; Di Santo, S.; Rossi, C.; Zucchelli, M.; Napolitano, G.
Resveratrol has anti-thyroid effects both in vitro and in vivo. Food Chem. Toxicol. 2017, 107, 237–247.
[CrossRef] [PubMed]
63. Juhasz, B.; Mukherjee, S.; Das, D.K. Hormetic response of resveratrol against cardioprotection.
Exp. Clin. Cardiol. 2010, 15, e134–138.
64. Dey, A.; Guha, P.; Chattopadhyay, S.; Bandyopadhyay, S.K. Biphasic activity of resveratrol on
indomethacin-induced gastric ulcers. Biochem. Biophys. Res. Commun. 2009, 381, 90–95. [CrossRef]
[PubMed]
65. Dai, Z.; Li, Y.; Quarles, L.D.; Song, T.; Pan, W.; Zhou, H.; Xiao, Z. Resveratrol enhances proliferation
and osteoblastic differentiation in human mesenchymal stem cells via ER-dependent ERK1/2 activation.
Phytomedicine 2007, 14, 806–814. [CrossRef] [PubMed]
66. Walle, T.; Hsieh, F.; DeLegge, M.H.; Oatis, J.E., Jr.; Walle, U.K. High absorption but very low bioavailability
of oral resveratrol in humans. Drug Metab. Dispos. 2004, 32, 1377–1382. [CrossRef]
67. Zupancic, S.; Lavric, Z.; Kristl, J. Stability and solubility of trans-resveratrol are strongly influenced by pH
and temperature. Eur. J. Pharm. Biopharm. 2015, 93, 196–204. [CrossRef]
68. Delmas, D.; Aires, V.; Limagne, E.; Dutartre, P.; Mazue, F.; Ghiringhelli, F.; Latruffe, N. Transport, stability,
and biological activity of resveratrol. Ann. N. Y. Acad. Sci. 2011, 1215, 48–59. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 19 of 26
69. Burkon, A.; Somoza, V. Quantification of free and protein-bound trans-resveratrol metabolites and
identification of trans-resveratrol-C/O-conjugated diglucuronides - two novel resveratrol metabolites in
human plasma. Mol. Nutr. Food Res. 2008, 52, 549–557. [CrossRef]
70. Rotches-Ribalta, M.; Andres-Lacueva, C.; Estruch, R.; Escribano, E.; Urpi-Sarda, M. Pharmacokinetics of
resveratrol metabolic profile in healthy humans after moderate consumption of red wine and grape extract
tablets. Pharmacol. Res. 2012, 66, 375–382. [CrossRef]
71. Wang, P.; Sang, S. Metabolism and pharmacokinetics of resveratrol and pterostilbene. Biofactors 2018, 44,
16–25. [CrossRef] [PubMed]
72. Chaplin, A.; Carpene, C.; Mercader, J. Resveratrol, Metabolic Syndrome, and Gut Microbiota. Nutrients 2018,
10, 1651. [CrossRef] [PubMed]
73. Lancon, A.; Delmas, D.; Osman, H.; Thenot, J.P.; Jannin, B.; Latruffe, N. Human hepatic cell uptake of
resveratrol: involvement of both passive diffusion and carrier-mediated process. Biochem. Biophys. Res.
Commun. 2004, 316, 1132–1137. [CrossRef]
74. CN, N.s.-K.; St-Louis, C.; Beauregard, M.; Subirade, M.; Carpentier, R.; Hotchandani, S.; Tajmir-Riahi, H.A.
Resveratrol binding to human serum albumin. J. BioMol. Struct. Dyn. 2006, 24, 277–283. [CrossRef]
75. Fan, Y.; Liu, Y.; Gao, L.; Zhang, Y.; Yi, J. Improved chemical stability and cellular antioxidant activity of
resveratrol in zein nanoparticle with bovine serum albumin-caffeic acid conjugate. Food Chem. 2018, 261,
283–291. [CrossRef] [PubMed]
76. Geng, T.; Zhao, X.; Ma, M.; Zhu, G.; Yin, L. Resveratrol-Loaded Albumin Nanoparticles with Prolonged
Blood Circulation and Improved Biocompatibility for Highly Effective Targeted Pancreatic Tumor Therapy.
Nanoscale Res. Lett. 2017, 12, 437. [CrossRef]
77. Urpi-Sarda, M.; Jauregui, O.; Lamuela-Raventos, R.M.; Jaeger, W.; Miksits, M.; Covas, M.I.; Andres-Lacueva, C.
Uptake of diet resveratrol into the human low-density lipoprotein. Identification and quantification of
resveratrol metabolites by liquid chromatography coupled with tandem mass spectrometry. Anal. Chem.
2005, 77, 3149–3155. [CrossRef]
78. Pantusa, M.; Bartucci, R.; Rizzuti, B. Stability of trans-resveratrol associated with transport proteins. J. Agric.
Food Chem. 2014, 62, 4384–4391. [CrossRef]
79. Boocock, D.J.; Patel, K.R.; Faust, G.E.; Normolle, D.P.; Marczylo, T.H.; Crowell, J.A.; Brenner, D.E.; Booth, T.D.;
Gescher, A.; Steward, W.P. Quantitation of trans-resveratrol and detection of its metabolites in human plasma
and urine by high performance liquid chromatography. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2007,
848, 182–187. [CrossRef]
80. Vitaglione, P.; Sforza, S.; Galaverna, G.; Ghidini, C.; Caporaso, N.; Vescovi, P.P.; Fogliano, V.; Marchelli, R.
Bioavailability of trans-resveratrol from red wine in humans. Mol. Nutr. Food Res. 2005, 49, 495–504.
[CrossRef]
81. Bolton, J.L.; Dunlap, T. Formation and Biological Targets of Quinones: Cytotoxic versus Cytoprotective
Effects. Chem. Res. Toxicol. 2017, 30, 13–37. [CrossRef] [PubMed]
82. Pierce, E.N.; Piyankarage, S.C.; Dunlap, T.; Litosh, V.; Siklos, M.I.; Wang, Y.T.; Thatcher, G.R. Prodrugs
Bioactivated to Quinones Target NF-kappaB and Multiple Protein Networks: Identification of the Quinonome.
Chem. Res. Toxicol. 2016, 29, 1151–1159. [CrossRef] [PubMed]
83. Piver, B.; Fer, M.; Vitrac, X.; Merillon, J.M.; Dreano, Y.; Berthou, F.; Lucas, D. Involvement of cytochrome
P450 1A2 in the biotransformation of trans-resveratrol in human liver microsomes. Biochem. Pharm. 2004, 68,
773–782. [CrossRef] [PubMed]
84. Liu, L.; Li, J.; Kundu, J.K.; Surh, Y.J. Piceatannol inhibits phorbol ester-induced expression of COX-2 and
iNOS in HR-1 hairless mouse skin by blocking the activation of NF-kappaB and AP-1. Inflamm Res. 2014, 63,
1013–1021. [CrossRef] [PubMed]
85. Lee, H.H.; Park, S.A.; Almazari, I.; Kim, E.H.; Na, H.K.; Surh, Y.J. Piceatannol induces heme oxygenase-1
expression in human mammary epithelial cells through activation of ARE-driven Nrf2 signaling.
Arch. Biochem. Biophys. 2010, 501, 142–150. [CrossRef]
86. Kim, H.J.; Lee, K.W.; Kim, M.S.; Lee, H.J. Piceatannol attenuates hydrogen-peroxide- and
peroxynitrite-induced apoptosis of PC12 cells by blocking down-regulation of Bcl-XL and activation
of JNK. J. Nutr. BioChem. 2008, 19, 459–466. [CrossRef]
87. Lee, H.J.; Kang, M.G.; Cha, H.Y.; Kim, Y.M.; Lim, Y.; Yang, S.J. Effects of Piceatannol and Resveratrol on
Sirtuins and Hepatic Inflammation in High-Fat Diet-Fed Mice. J. Med. Food 2019, 22, 833–840. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 20 of 26
88. Tung, Y.C.; Lin, Y.H.; Chen, H.J.; Chou, S.C.; Cheng, A.C.; Kalyanam, N.; Ho, C.T.; Pan, M.H. Piceatannol
Exerts Anti-Obesity Effects in C57BL/6 Mice through Modulating Adipogenic Proteins and Gut Microbiota.
Molecule (BaselSwitz.) 2016, 21, 1419. [CrossRef]
89. Erasalo, H.; Hamalainen, M.; Leppanen, T.; Maki-Opas, I.; Laavola, M.; Haavikko, R.; Yli-Kauhaluoma, J.;
Moilanen, E. Natural Stilbenoids Have Anti-Inflammatory Properties in Vivo and Down-Regulate the
Production of Inflammatory Mediators NO, IL6, and MCP1 Possibly in a PI3K/Akt-Dependent Manner.
J. Nat. Prod. 2018, 81, 1131–1142. [CrossRef]
90. Choi, S.Y.; Piao, Z.H.; Jin, L.; Kim, J.H.; Kim, G.R.; Ryu, Y.; Lin, M.Q.; Kim, H.S.; Kee, H.J.; Jeong, M.H.
Piceatannol Attenuates Renal Fibrosis Induced by Unilateral Ureteral Obstruction via Downregulation of
Histone Deacetylase 4/5 or p38-MAPK Signaling. PLoS ONE 2016, 11, e0167340. [CrossRef]
91. Bolton, J.L.; Dunlap, T.L.; Dietz, B.M. Formation and biological targets of botanical o-quinones. Food Chem.
Toxicol. 2018, 120, 700–707. [CrossRef] [PubMed]
92. Ito, S.; Fujiki, Y.; Matsui, N.; Ojika, M.; Wakamatsu, K. Tyrosinase-catalyzed oxidation of resveratrol produces
a highly reactive ortho-quinone: Implications for melanocyte toxicity. Pigment. Cell Melanoma Res. 2019, 32,
766–776. [CrossRef] [PubMed]
93. Westerhof, W.; Manini, P.; Napolitano, A.; d’Ischia, M. The haptenation theory of vitiligo and melanoma
rejection: A close-up. Exp. Derm. 2011, 20, 92–96. [CrossRef] [PubMed]
94. Abe, Y.; Hozumi, Y.; Okamura, K.; Kawaguchi, M.; Kunisada, T.; Aoki, H.; Suzuki, T. A mouse model of
leukoderma induced by rhododendrol. J. Dermatol. Sci. 2016, 84, e86. [CrossRef]
95. Na, J.-I.; Shin, J.-W.; Choi, H.-R.; Kwon, S.-H.; Park, K.-C. Resveratrol as a Multifunctional Topical
Hypopigmenting Agent. Int. J. Mol. Sci. 2019, 20, 956. [CrossRef]
96. Leonard, S.S.; Xia, C.; Jiang, B.H.; Stinefelt, B.; Klandorf, H.; Harris, G.K.; Shi, X. Resveratrol scavenges
reactive oxygen species and effects radical-induced cellular responses. Biochem. Biophys. Res. Commun. 2003,
309, 1017–1026. [CrossRef]
97. Chen, Y.J.; Chen, Y.Y.; Lin, Y.F.; Hu, H.Y.; Liao, H.F. Resveratrol inhibits alpha-melanocyte-stimulating
hormone signaling, viability, and invasiveness in melanoma cells. Evid Based Complement. Altern. Med. 2013,
2013, 632121. [CrossRef]
98. Zheng, X.; Jia, B.; Tian, X.-T.; Song, X.; Wu, M.-L.; Kong, Q.-Y.; Li, H.; Liu, J. Correlation of Reactive Oxygen
Species Levels with Resveratrol Sensitivities of Anaplastic Thyroid Cancer Cells. Oxidative Med. Cell. Longev.
2018, 2018, 1–12. [CrossRef]
99. Ahmad, K.A.; Clement, M.V.; Pervaiz, S. Pro-oxidant activity of low doses of resveratrol inhibits hydrogen
peroxide-induced apoptosis. Ann. N. Y. Acad. Sci. 2003, 1010, 365–373. [CrossRef]
100. Arcanjo, N.M.O.; Luna, C.; Madruga, M.S.; Estevez, M. Antioxidant and pro-oxidant actions of resveratrol on
human serum albumin in the presence of toxic diabetes metabolites: Glyoxal and methyl-glyoxal. BioChim.
Biophys. Acta Gen. Subj. 2018, 1862, 1938–1947. [CrossRef]
101. Duenas-Garcia, I.E.; Heres-Pulido, M.E.; Arellano-Llamas, M.R.; De la Cruz-Nunez, J.; Cisneros-Carrillo, V.;
Palacios-Lopez, C.S.; Acosta-Anaya, L.; Santos-Cruz, L.F.; Castaneda-Partida, L.; Duran-Diaz, A.
Lycopene, resveratrol, vitamin C and FeSO4 increase damage produced by pro-oxidant carcinogen
4-nitroquinoline-1-oxide in Drosophila melanogaster: Xenobiotic metabolism implications. Food Chem.
Toxicol. 2017, 103, 233–245. [CrossRef] [PubMed]
102. Lee, W.; Lee, D.G. Resveratrol induces membrane and DNA disruption via pro-oxidant activity against
Salmonella typhimurium. Biochem. Biophys. Res. Commun. 2017, 489, 228–234. [CrossRef] [PubMed]
103. Martins, L.A.; Coelho, B.P.; Behr, G.; Pettenuzzo, L.F.; Souza, I.C.; Moreira, J.C.; Borojevic, R.; Gottfried, C.;
Guma, F.C. Resveratrol induces pro-oxidant effects and time-dependent resistance to cytotoxicity in activated
hepatic stellate cells. Cell Biochem. Biophys. 2014, 68, 247–257. [CrossRef] [PubMed]
104. de la Lastra, C.A.; Villegas, I. Resveratrol as an antioxidant and pro-oxidant agent: mechanisms and clinical
implications. Biochem. Soc. Trans. 2007, 35, 1156–1160. [CrossRef]
105. Liu, Y.; Wu, X.; Hu, X.; Chen, Z.; Liu, H.; Takeda, S.; Qing, Y. Multiple repair pathways mediate cellular
tolerance to resveratrol-induced DNA damage. Toxicol. Vitr. 2017, 42, 130–138. [CrossRef]
106. Yaman, M.; Kaya, G.; Simsek, M. Comparison of trace element concentrations in cancerous and noncancerous
human endometrial and ovary tissues. Int. J. Gynecol. Cancer 2007, 17, 220–228. [CrossRef]
107. Zuo, X.L.; Chen, J.M.; Zhou, X.; Li, X.Z.; Mei, G.Y. Levels of selenium, zinc, copper, and antioxidant enzyme
activity in patients with leukemia. Biol. Trace Elem. Res. 2006, 114, 41–53. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 21 of 26
108. Hadi, S.M.; Ullah, M.F.; Azmi, A.S.; Ahmad, A.; Shamim, U.; Zubair, H.; Khan, H.Y. Resveratrol mobilizes
endogenous copper in human peripheral lymphocytes leading to oxidative DNA breakage: a putative
mechanism for chemoprevention of cancer. Pharm. Res. 2010, 27, 979–988. [CrossRef]
109. D’Angelo, S.; Martino, E.; Ilisso, C.P.; Bagarolo, M.L.; Porcelli, M.; Cacciapuoti, G. Pro-oxidant and
pro-apoptotic activity of polyphenol extract from Annurca apple and its underlying mechanisms in human
breast cancer cells. Int. J. Oncol. 2017, 51, 939–948. [CrossRef]
110. Fontecave, M.; Lepoivre, M.; Elleingand, E.; Gerez, C.; Guittet, O. Resveratrol, a remarkable inhibitor of
ribonucleotide reductase. Febs Lett. 1998, 421, 277–279. [CrossRef]
111. Locatelli, G.A.; Savio, M.; Forti, L.; Shevelev, I.; Ramadan, K.; Stivala, L.A.; Vannini, V.; Hubscher, U.;
Spadari, S.; Maga, G. Inhibition of mammalian DNA polymerases by resveratrol: Mechanism and structural
determinants. Biochem. J. 2005, 389, 259–268. [CrossRef]
112. Leon-Galicia, I.; Diaz-Chavez, J.; Garcia-Villa, E.; Uribe-Figueroa, L.; Hidalgo-Miranda, A.; Herrera, L.A.;
Alvarez-Rios, E.; Garcia-Mena, J.; Gariglio, P. Resveratrol induces downregulation of DNA repair genes in
MCF-7 human breast cancer cells. Eur. J. Cancer Prev. 2013, 22, 11–20. [CrossRef]
113. Demoulin, B.; Hermant, M.; Castrogiovanni, C.; Staudt, C.; Dumont, P. Resveratrol induces DNA damage in
colon cancer cells by poisoning topoisomerase II and activates the ATM kinase to trigger p53-dependent
apoptosis. Toxicol. Vitr. 2015, 29, 1156–1165. [CrossRef]
114. Li, B.; Hou, D.; Guo, H.; Zhou, H.; Zhang, S.; Xu, X.; Liu, Q.; Zhang, X.; Zou, Y.; Gong, Y.; et al. Resveratrol
sequentially induces replication and oxidative stresses to drive p53-CXCR2 mediated cellular senescence in
cancer cells. Sci. Rep. 2017, 7, 208. [CrossRef]
115. Kannan, K.; Jain, S.K. Oxidative stress and apoptosis. Pathophysiology 2000, 7, 153–163. [CrossRef]
116. Halliwell, B. Oxidants and human disease: some new concepts. Faseb J. 1987, 1, 358–364. [CrossRef]
117. Di Meo, S.; Reed, T.T.; Venditti, P.; Victor, V.M. Role of ROS and RNS Sources in Physiological and Pathological
Conditions. Oxid Med. Cell Longev. 2016, 2016, 1245049. [CrossRef]
118. Valko, M.; Rhodes, C.J.; Moncol, J.; Izakovic, M.; Mazur, M. Free radicals, metals and antioxidants in oxidative
stress-induced cancer. Chem. Biol. Interact. 2006, 160, 1–40. [CrossRef]
119. Baur, J.A.; Pearson, K.J.; Price, N.L.; Jamieson, H.A.; Lerin, C.; Kalra, A.; Prabhu, V.V.; Allard, J.S.;
Lopez-Lluch, G.; Lewis, K.; et al. Resveratrol improves health and survival of mice on a high-calorie diet.
Nature 2006, 444, 337–342. [CrossRef]
120. Ferreira, P.E.B.; Beraldi, E.J.; Borges, S.C.; Natali, M.R.M.; Buttow, N.C. Resveratrol promotes neuroprotection
and attenuates oxidative and nitrosative stress in the small intestine in diabetic rats. Biomed. Pharm. 2018,
105, 724–733. [CrossRef]
121. Rubiolo, J.A.; Mithieux, G.; Vega, F.V. Resveratrol protects primary rat hepatocytes against oxidative stress
damage: activation of the Nrf2 transcription factor and augmented activities of antioxidant enzymes. Eur. J.
Pharm. 2008, 591, 66–72. [CrossRef]
122. Zhang, J.; Chen, J.; Yang, J.; Xu, C.W.; Pu, P.; Ding, J.W.; Jiang, H. Resveratrol attenuates oxidative stress
induced by balloon injury in the rat carotid artery through actions on the ERK1/2 and NF-kappa B pathway.
Cell Physiol. BioChem. 2013, 31, 230–241. [CrossRef]
123. Tousoulis, D.; Kampoli, A.M.; Tentolouris, C.; Papageorgiou, N.; Stefanadis, C. The role of nitric oxide on
endothelial function. Curr. Vasc. Pharm. 2012, 10, 4–18. [CrossRef]
124. Paolocci, N.; Biondi, R.; Bettini, M.; Lee, C.-I.; Berlowitz, C.O.; Rossi, R.; Xia, Y.; Ambrosio, G.; Antonio, L.;
Kass, D.A. Oxygen radical-mediated reduction in basal and agonist-evoked NO release in isolated rat heart.
J. Mol. Cell. Cardiol. 2001, 33, 671–679. [CrossRef]
125. Xia, N.; Forstermann, U.; Li, H. Effects of resveratrol on eNOS in the endothelium and the perivascular
adipose tissue. Ann. N. Y. Acad. Sci. 2017, 1403, 132–141. [CrossRef]
126. Gresele, P.; Pignatelli, P.; Guglielmini, G.; Carnevale, R.; Mezzasoma, A.M.; Ghiselli, A.; Momi, S.; Violi, F.
Resveratrol, at concentrations attainable with moderate wine consumption, stimulates human platelet nitric
oxide production. J. Nutr. 2008, 138, 1602–1608. [CrossRef]
127. Rubio-Ruiz, M.E.; Guarner-Lans, V.; Cano-Martinez, A.; Diaz-Diaz, E.; Manzano-Pech, L.; Gamas-Magana, A.;
Castrejon-Tellez, V.; Tapia-Cortina, C.; Perez-Torres, I. Resveratrol and Quercetin Administration Improves
Antioxidant DEFENSES and reduces Fatty Liver in Metabolic Syndrome Rats. Molecule (BaselSwitz.) 2019, 24,
1297. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 22 of 26
128. Kong, D.; Yan, Y.; He, X.Y.; Yang, H.; Liang, B.; Wang, J.; He, Y.; Ding, Y.; Yu, H. Effects of Resveratrol on the
Mechanisms of Antioxidants and Estrogen in Alzheimer’s Disease. Biomed. Res. Int. 2019, 2019, 8983752.
[CrossRef]
129. Ranawat, P.; Khanduja, K.L.; Pathak, C.M. Resveratrol - an ingredient of red wine abrogates the reproductive
capacity in male mice. Andrologia 2014, 46, 650–658. [CrossRef]
130. Ji, S.; Zheng, Z.; Liu, S.; Ren, G.; Gao, J.; Zhang, Y.; Li, G. Resveratrol promotes oxidative stress to drive DLC1
mediated cellular senescence in cancer cells. Exp. Cell Res. 2018, 370, 292–302. [CrossRef]
131. Heo, J.R.; Kim, S.M.; Hwang, K.A.; Kang, J.H.; Choi, K.C. Resveratrol induced reactive oxygen species and
endoplasmic reticulum stressmediated apoptosis, and cell cycle arrest in the A375SM malignant melanoma
cell line. Int. J. Mol. Med. 2018, 42, 1427–1435. [CrossRef]
132. Kim, T.H.; Park, J.H.; Woo, J.S. Resveratrol induces cell death through ROSdependent downregulation
of Notch1/PTEN/Akt signaling in ovarian cancer cells. Mol. Med. Rep. 2019, 19, 3353–3360. [CrossRef]
[PubMed]
133. Zykova, T.A.; Zhu, F.; Zhai, X.; Ma, W.Y.; Ermakova, S.P.; Lee, K.W.; Bode, A.M.; Dong, Z. Resveratrol directly
targets COX-2 to inhibit carcinogenesis. Mol. Carcinog. 2008, 47, 797–805. [CrossRef]
134. Tang, H.Y.; Shih, A.; Cao, H.J.; Davis, F.B.; Davis, P.J.; Lin, H.Y. Resveratrol-induced cyclooxygenase-2
facilitates p53-dependent apoptosis in human breast cancer cells. Mol. Cancer 2006, 5, 2034–2042. [CrossRef]
135. Szewczuk, L.M.; Forti, L.; Stivala, L.A.; Penning, T.M. Resveratrol is a peroxidase-mediated inactivator of
COX-1 but not COX-2: A mechanistic approach to the design of COX-1 selective agents. J. Biol. Chem. 2004,
279, 22727–22737. [CrossRef]
136. Cianciulli, A.; Calvello, R.; Cavallo, P.; Dragone, T.; Carofiglio, V.; Panaro, M.A. Modulation of NF-kappaB
activation by resveratrol in LPS treated human intestinal cells results in downregulation of PGE2 production
and COX-2 expression. Toxicol. Vitr. 2012, 26, 1122–1128. [CrossRef]
137. Singh, A.P.; Singh, R.; Verma, S.S.; Rai, V.; Kaschula, C.H.; Maiti, P.; Gupta, S.C. Health benefits of resveratrol:
Evidence from clinical studies. Med. Res. Rev. 2019, 39, 1851–1891. [CrossRef]
138. Basheer, L.; Schultz, K.; Guttman, Y.; Kerem, Z. In silico and in vitro inhibition of cytochrome P450 3A by
synthetic stilbenoids. Food Chem. 2017, 237, 895–903. [CrossRef]
139. Deng, R.; Xu, C.; Chen, X.; Chen, P.; Wang, Y.; Zhou, X.; Jin, J.; Niu, L.; Ying, M.; Huang, M.; et al. Resveratrol
suppresses the inducible expression of CYP3A4 through the pregnane X receptor. J. Pharm. Sci. 2014, 126,
146–154. [CrossRef]
140. Basheer, L.; Schultz, K.; Kerem, Z. Inhibition of cytochrome P450 3A by acetoxylated analogues of resveratrol
in in vitro and in silico models. Sci. Rep. 2016, 6, 31557. [CrossRef]
141. Wang, L.; Wang, C.; Jia, Y.; Liu, Z.; Shu, X.; Liu, K. Resveratrol Increases Anti-Proliferative Activity of Bestatin
Through Downregulating P-Glycoprotein Expression Via Inhibiting PI3K/Akt/mTOR Pathway in K562/ADR
Cells. J. Cell BioChem. 2016, 117, 1233–1239. [CrossRef] [PubMed]
142. Choi, J.S.; Choi, B.C.; Kang, K.W. Effect of resveratrol on the pharmacokinetics of oral and intravenous
nicardipine in rats: possible role of P-glycoprotein inhibition by resveratrol. Pharmazie 2009, 64, 49–52.
[PubMed]
143. Jia, Y.; Liu, Z.; Wang, C.; Meng, Q.; Huo, X.; Liu, Q.; Sun, H.; Sun, P.; Yang, X.; Ma, X.; et al. P-gp, MRP2 and
OAT1/OAT3 mediate the drug-drug interaction between resveratrol and methotrexate. Toxicol. Appl. Pharm.
2016, 306, 27–35. [CrossRef] [PubMed]
144. Sotoudehmanesh, R.; Anvari, B.; Akhlaghi, M.; Shahraeeni, S.; Kolahdoozan, S. Methotrexate hepatotoxicity
in patients with rheumatoid arthritis. Middle East J. Dig. Dis. 2010, 2, 104–109.
145. Chiba, T.; Kimura, Y.; Suzuki, S.; Tatefuji, T.; Umegaki, K. Trans-Resveratrol Enhances the Anticoagulant
Activity of Warfarin in a Mouse Model. J. Atheroscler Thromb. 2016, 23, 1099–1110. [CrossRef]
146. Symington, B.; Mapanga, R.F.; Norton, G.R.; Essop, M.F. Resveratrol Co-Treatment Attenuates the Effects of
HIV Protease Inhibitors on Rat Body Weight and Enhances Cardiac Mitochondrial Respiration. PLoS ONE
2017, 12, e0170344. [CrossRef]
147. Villanueva, J.A.; Sokalska, A.; Cress, A.B.; Ortega, I.; Bruner-Tran, K.L.; Osteen, K.G.; Duleba, A.J. Resveratrol
potentiates effect of simvastatin on inhibition of mevalonate pathway in human endometrial stromal cells. J.
Clin. Endocrinol. Metab. 2013, 98, E455–462. [CrossRef]
148. Stephan, L.S.; Almeida, E.D.; Markoski, M.M.; Garavaglia, J.; Marcadenti, A. Red Wine, Resveratrol and
Atrial Fibrillation. Nutrients 2017, 9, 1190. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 23 of 26
149. Chai, R.; Chen, Y.; Yuan, H.; Wang, X.; Guo, S.; Qi, J.; Zhang, H.; Zhan, Y.; An, H. Identification of Resveratrol,
an Herbal Compound, as an Activator of the Calcium-Activated Chloride Channel, TMEM16A. J. Membr. Biol.
2017, 250, 483–492. [CrossRef]
150. Bedada, S.K.; Yellu, N.R.; Neerati, P. Effect of resveratrol on the pharmacokinetics of fexofenadine in rats:
Involvement of P-glycoprotein inhibition. Pharmacol. Rep. Pr 2016, 68, 338–343. [CrossRef]
151. Klonowska-Szymczyk, A.; Kulczycka-Siennicka, L.; Robak, T.; Smolewski, P.; Cebula-Obrzut, B.; Robak, E.
The impact of agonists and antagonists of TLR3 and TLR9 on concentrations of IL-6, IL10 and sIL-2R in
culture supernatants of peripheral blood mononuclear cells derived from patients with systemic lupus
erythematosus. Postepy Hig. I Med. Dosw. (Online) 2017, 71, 867–875. [CrossRef]
152. Lin, C.-Y.; Shen, Y.-T.; Chih-Chin, N. Effect of various concentrations of resveratrol on pancreatic beta-cell.
Faseb J. 2011, 658.
153. Souza, I.C.; Martins, L.A.M.; Coelho, B.P.; Grivicich, I.; Guaragna, R.M.; Gottfried, C.; Borojevic, R.;
Guma, F.C.R. Resveratrol inhibits cell growth by inducing cell cycle arrest in activated hepatic stellate cells.
Mol. Cell BioChem. 2008, 315, 1–7. [CrossRef] [PubMed]
154. Radkar, V.; Hardej, D.; Lau-Cam, C.; Billack, B. Evaluation of resveratrol and piceatannol cytotoxicity in
macrophages, T cells, and skin cells. Arh. Za Hig. Rada I Toksikol. 2007, 58, 293–304. [CrossRef] [PubMed]
155. Ozturk, Y.; Gunaydin, C.; Yalcin, F.; Naziroglu, M.; Braidy, N. Resveratrol Enhances Apoptotic and Oxidant
Effects of Paclitaxel through TRPM2 Channel Activation in DBTRG Glioblastoma Cells. Oxid Med. Cell
Longev. 2019, 2019, 4619865. [CrossRef] [PubMed]
156. McCubrey, J.A.; Abrams, S.L.; Lertpiriyapong, K.; Cocco, L.; Ratti, S.; Martelli, A.M.; Candido, S.; Libra, M.;
Murata, R.M.; Rosalen, P.L.; et al. Effects of berberine, curcumin, resveratrol alone and in combination with
chemotherapeutic drugs and signal transduction inhibitors on cancer cells-Power of nutraceuticals. Adv.
Biol. Regul. 2018, 64, 190–221. [CrossRef]
157. Matsuoka, A.; Furuta, A.; Ozaki, M.; Fukuhara, K.; Miyata, N. Resveratrol, a naturally occurring polyphenol,
induces sister chromatid exchanges in a Chinese hamster lung (CHL) cell line. Mutat Res. 2001, 494, 107–113.
[CrossRef]
158. Cai, H.; Harrison, D.G. Endothelial dysfunction in cardiovascular diseases: The role of oxidant stress.
Circ. Res. 2000, 87, 840–844. [CrossRef]
159. Chen, F.; Qian, L.H.; Deng, B.; Liu, Z.M.; Zhao, Y.; Le, Y.Y. Resveratrol protects vascular endothelial cells
from high glucose-induced apoptosis through inhibition of NADPH oxidase activation-driven oxidative
stress. Cns NeuroSci. 2013, 19, 675–681. [CrossRef]
160. Cao, Z.; Li, Y. Potent induction of cellular antioxidants and phase 2 enzymes by resveratrol in cardiomyocytes:
protection against oxidative and electrophilic injury. Eur. J. Pharm. 2004, 489, 39–48. [CrossRef]
161. Kiskova, T.; Demeckova, V.; Jendzelovska, Z.; Kiktava, M.; Venglovska, K.; Bohmdorfer, M.; Jager, W.;
Thalhammer, T. Nocturnal resveratrol administration inhibits chemically induced breast cancer formation in
rats. J. Physiol. Pharmacol. Off. J. Pol. Physiol. Soc. 2017, 68, 867–875.
162. Rauf, A.; Imran, M.; Butt, M.S.; Nadeem, M.; Peters, D.G.; Mubarak, M.S. Resveratrol as an anti-cancer agent:
A review. Crit Rev. Food Sci. Nutr. 2018, 58, 1428–1447. [CrossRef] [PubMed]
163. Galati, G.; Teng, S.; Moridani, M.Y.; Chan, T.S.; O’Brien, P.J. Cancer chemoprevention and apoptosis
mechanisms induced by dietary polyphenolics. Drug Metab. Drug Interact. 2000, 17, 311–349. [CrossRef]
[PubMed]
164. Fujimoto, A.; Sakanashi, Y.; Matsui, H.; Oyama, T.; Nishimura, Y.; Masuda, T.; Oyama, Y. Cytometric analysis
of cytotoxicity of polyphenols and related phenolics to rat thymocytes: Potent cytotoxicity of resveratrol to
normal cells. Basic Clin. Pharmacol. Toxicol. 2009, 104, 455–462. [CrossRef] [PubMed]
165. Berardi, V.; Ricci, F.; Castelli, M.; Galati, G.; Risuleo, G. Resveratrol exhibits a strong cytotoxic activity in
cultured cells and has an antiviral action against polyomavirus: Potential clinical use. J. Exp. Clin. Cancer
Res. Cr 2009, 28, 96. [CrossRef] [PubMed]
166. Peltz, L.; Gomez, J.; Marquez, M.; Alencastro, F.; Atashpanjeh, N.; Quang, T.; Bach, T.; Zhao, Y. Resveratrol
exerts dosage and duration dependent effect on human mesenchymal stem cell development. PLoS ONE
2012, 7, e37162. [CrossRef] [PubMed]
167. Kornienko, J.S.; Smirnova, I.S.; Pugovkina, N.A.; Ivanova, J.S.; Shilina, M.A.; Grinchuk, T.M.; Shatrova, A.N.;
Aksenov, N.D.; Zenin, V.V.; Nikolsky, N.N.; et al. High doses of synthetic antioxidants induce premature
senescence in cultivated mesenchymal stem cells. Sci. Rep. 2019, 9, 1296. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 24 of 26
168. Johnson, W.D.; Morrissey, R.L.; Usborne, A.L.; Kapetanovic, I.; Crowell, J.A.; Muzzio, M.; McCormick, D.L.
Subchronic oral toxicity and cardiovascular safety pharmacology studies of resveratrol, a naturally occurring
polyphenol with cancer preventive activity. Food Chem. Toxicol. 2011, 49, 3319–3327. [CrossRef]
169. Liu, S.; Zhao, M.; Zhou, Y.; Wang, C.; Yuan, Y.; Li, L.; Bresette, W.; Chen, Y.; Cheng, J.; Lu, Y. Resveratrol
exerts dose-dependent anti-fibrotic or pro-fibrotic effects in kidneys: A potential risk to individuals with
impaired kidney function. Phytomedicine 2019, 57, 223–235. [CrossRef]
170. Nathan, J.; Raghunathan, M. Resveratrol suppresses angiogenesis by down-regulating Vegf/Vegfr2 in
Zebrafish (Danio rerio) embryos. J. Chem. Pharm. Res. 2014, 892–899.
171. Cavalcante, A.K.; Lopes-Ferreira; Rogero, S.O.; Rogero, J.R. Evaluation of resveratrol toxicity in the
embryolarval stage of Danio rerio fish. Ecotoxicol. Environ. 2017. [CrossRef]
172. Brown, V.A.; Patel, K.R.; Viskaduraki, M.; Crowell, J.A.; Perloff, M.; Booth, T.D.; Vasilinin, G.; Sen, A.;
Schinas, A.M.; Piccirilli, G.; et al. Repeat dose study of the cancer chemopreventive agent resveratrol in
healthy volunteers: Safety, pharmacokinetics, and effect on the insulin-like growth factor axis. Cancer Res.
2010, 70, 9003–9011. [CrossRef] [PubMed]
173. Atmaca, N.; Yıldırım, E.; Güner, B.; Kabakçi, R.; Bilmen, F. Effect of Resveratrol on Hematological and
Biochemical Alterations in Rats Exposed to Fluoride. Biomed. Res. Int. 2014, 2014, 698628. [CrossRef]
174. Wang, Y.; Cui, H.; Niu, F.; Liu, S.-L.; Li, Y.; Zhang, L.-M.; Du, H.-B.; Zhao, Z.-G.; Niu, C.-Y. Effect of Resveratrol
on Blood Rheological Properties in LPS-Challenged Rats. Front. Physiol. 2018, 9, 1202. [CrossRef] [PubMed]
175. Muñoz, O.; Bustamante, S. Pharmacological Properties of Resveratrol. A Pre-Clinical and Clinical Review.
Biochem. Pharmacol. Open Access 2015, 4. [CrossRef]
176. Schilder, Y.D.; Heiss, E.H.; Schachner, D.; Ziegler, J.; Reznicek, G.; Sorescu, D.; Dirsch, V.M. NADPH oxidases
1 and 4 mediate cellular senescence induced by resveratrol in human endothelial cells. Free Radic. Biol. Med.
2009, 46, 1598–1606. [CrossRef]
177. Fox, J.T.; Sakamuru, S.; Huang, R.; Teneva, N.; Simmons, S.O.; Xia, M.; Tice, R.R.; Austin, C.P.; Myung, K.
High-throughput genotoxicity assay identifies antioxidants as inducers of DNA damage response and cell
death. Proc. Natl. Acad. Sci. USA 2012, 109, 5423–5428. [CrossRef]
178. Juan, M.E.; Vinardell, M.P.; Planas, J. The daily oral administration of high doses of trans-resveratrol to rats
for 28 days is not harmful. J. Nutr. 2002, 132, 257–260. [CrossRef]
179. Juan, M.E.; Gonzalez-Pons, E.; Munuera, T.; Ballester, J.; Rodriguez-Gil, J.E.; Planas, J.M. trans-Resveratrol,
a natural antioxidant from grapes, increases sperm output in healthy rats. J. Nutr. 2005, 135, 757–760.
[CrossRef]
180. Hebbar, V.; Shen, G.; Hu, R.; Kim, B.R.; Chen, C.; Korytko, P.J.; Crowell, J.A.; Levine, B.S.; Kong, A.N.
Toxicogenomics of resveratrol in rat liver. Life Sci. 2005, 76, 2299–2314. [CrossRef]
181. Ramírez-Garza, S.L.; Laveriano-Santos, E.P.; Marhuenda-Muñoz, M.; Storniolo, C.E.; Tresserra-Rimbau, A.;
Vallverdú-Queralt, A.; Lamuela-Raventós, R.M. Health Effects of Resveratrol: Results from Human
Intervention Trials. Nutrients 2018, 10, 1892. [CrossRef] [PubMed]
182. Howells, L.M.; Berry, D.P.; Elliott, P.J.; Jacobson, E.W.; Hoffmann, E.; Hegarty, B.; Brown, K.; Steward, W.P.;
Gescher, A.J. Phase I randomized, double-blind pilot study of micronized resveratrol (SRT501) in patients
with hepatic metastases–safety, pharmacokinetics, and pharmacodynamics. Cancer Prev. Res. 2011, 4,
1419–1425. [CrossRef] [PubMed]
183. Poulsen, M.M.; Vestergaard, P.F.; Clasen, B.F.; Radko, Y.; Christensen, L.P.; Stodkilde-Jorgensen, H.; Moller, N.;
Jessen, N.; Pedersen, S.B.; Jorgensen, J.O. High-dose resveratrol supplementation in obese men: an
investigator-initiated, randomized, placebo-controlled clinical trial of substrate metabolism, insulin sensitivity,
and body composition. Diabetes 2013, 62, 1186–1195. [CrossRef] [PubMed]
184. Moon, R.T.; Kohn, A.D.; De Ferrari, G.V.; Kaykas, A. WNT and beta-catenin signalling: Diseases and
therapies. Nat. Rev. Genet. 2004, 5, 691–701. [CrossRef] [PubMed]
185. Anton, S.D.; Ebner, N.; Dzierzewski, J.M.; Zlatar, Z.Z.; Gurka, M.J.; Dotson, V.M.; Kirton, J.; Mankowski, R.T.;
Marsiske, M.; Manini, T.M. Effects of 90 Days of Resveratrol Supplementation on Cognitive Function in
Elders: A Pilot Study. J. Altern Complement. Med. 2018, 24, 725–732. [CrossRef] [PubMed]
186. Popat, R.; Plesner, T.; Davies, F.; Cook, G.; Cook, M.; Elliott, P.; Jacobson, E.; Gumbleton, T.; Oakervee, H.;
Cavenagh, J. A phase 2 study of SRT501 (resveratrol) with bortezomib for patients with relapsed and or
refractory multiple myeloma. Br. J. Haematol. 2013, 160, 714–717. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 25 of 26
187. Williamson, G.; Manach, C. Bioavailability and bioefficacy of polyphenols in humans. II. Review of 93
intervention studies. Am. J. Clin. Nutr. 2005, 81, 243S–255S. [CrossRef]
188. Vetvicka, V.; Vetvickova, J. Combination of glucan, resveratrol and vitamin C demonstrates strong anti-tumor
potential. Anticancer Res. 2012, 32, 81–87.
189. Bano, M.; Bhatt, D.K. Ameliorative effect of a combination of vitamin E, vitamin C, alpha-lipoic acid and
stilbene resveratrol on lindane induced toxicity in mice olfactory lobe and cerebrum. Indian J. Exp. Biol. 2010,
48, 150–158.
190. Uberti, F.; Morsanuto, V.; Aprile, S.; Ghirlanda, S.; Stoppa, I.; Cochis, A.; Grosa, G.; Rimondini, L.; Molinari, C.
Biological effects of combined resveratrol and vitamin D3 on ovarian tissue. J. Ovarian Res. 2017, 10, 61.
[CrossRef]
191. De Vries, K.; Strydom, M.; Steenkamp, V. Bioavailability of resveratrol: Possibilities for enhancement. J. Herb.
Med. 2018, 11, 71–77. [CrossRef]
192. Timmers, S.; de Ligt, M.; Phielix, E.; van de Weijer, T.; Hansen, J.; Moonen-Kornips, E.; Schaart, G.;
Kunz, I.; Hesselink, M.K.; Schrauwen-Hinderling, V.B.; et al. Resveratrol as Add-on Therapy in Subjects
With Well-Controlled Type 2 Diabetes: A Randomized Controlled Trial. Diabetes Care 2016, 39, 221–2217.
[CrossRef] [PubMed]
193. Yu, C.; Shin, Y.G.; Chow, A.; Li, Y.; Kosmeder, J.W.; Lee, Y.S.; Hirschelman, W.H.; Pezzuto, J.M.; Mehta, R.G.;
van Breemen, R.B. Human, rat, and mouse metabolism of resveratrol. Pharm. Res. 2002, 19, 1907–1914.
[CrossRef] [PubMed]
194. Böhmdorfer, M.; Szakmary, A.; Schiestl, R.H.; Vaquero, J.; Riha, J.; Brenner, S.; Thalhammer, T.; Szekeres, T.;
Jäger, W. Involvement of UDP-Glucuronosyltransferases and Sulfotransferases in the Excretion and Tissue
Distribution of Resveratrol in Mice. Nutrients 2017, 9, 1347. [CrossRef] [PubMed]
195. Bode, L.M.; Bunzel, D.; Huch, M.; Cho, G.S.; Ruhland, D.; Bunzel, M.; Bub, A.; Franz, C.M.; Kulling, S.E.
In vivo and in vitro metabolism of trans-resveratrol by human gut microbiota. Am. J. Clin. Nutr. 2013, 97,
295–309. [CrossRef]
196. Tomas-Barberan, F.A.; Selma, M.V.; Espin, J.C. Interactions of gut microbiota with dietary polyphenols and
consequences to human health. Curr. Opin Clin. Nutr. Metab. Care 2016, 19, 471–476. [CrossRef]
197. Ritter, J.K. Intestinal UGTs as potential modifiers of pharmacokinetics and biological responses to drugs and
xenobiotics. Exp. Opin Drug Metab. Toxicol. 2007, 3, 93–107. [CrossRef]
198. Chen, B.H.; Wang, C.C.; Hou, Y.H.; Mao, Y.C.; Yang, Y.S. Mechanism of sulfotransferase pharmacogenetics in
altered xenobiotic metabolism. Exp. Opin Drug Metab. Toxicol. 2015, 11, 1053–1071. [CrossRef]
199. Carter, L.G.; D’Orazio, J.A.; Pearson, K.J. Resveratrol and cancer: Focus on in vivo evidence. Endocr. Relat
Cancer 2014, 21, R209–R225. [CrossRef]
200. Nguyen, A.V.; Martinez, M.; Stamos, M.J.; Moyer, M.P.; Planutis, K.; Hope, C.; Holcombe, R.F. Results of
a phase I pilot clinical trial examining the effect of plant-derived resveratrol and grape powder on Wnt
pathway target gene expression in colonic mucosa and colon cancer. Cancer Manag. Res. 2009, 1, 25–37.
201. Chow, H.H.; Garland, L.L.; Hsu, C.H.; Vining, D.R.; Chew, W.M.; Miller, J.A.; Perloff, M.; Crowell, J.A.;
Alberts, D.S. Resveratrol modulates drug- and carcinogen-metabolizing enzymes in a healthy volunteer
study. Cancer Prev. Res. 2010, 3, 1168–1175. [CrossRef]
202. Yousef, M.; Vlachogiannis, I.A.; Tsiani, E. Effects of Resveratrol against Lung Cancer: In Vitro and In Vivo
Studies. Nutrients 2017, 9, 1231. [CrossRef] [PubMed]
203. Sinha, D.; Sarkar, N.; Biswas, J.; Bishayee, A. Resveratrol for breast cancer prevention and therapy: Preclinical
evidence and molecular mechanisms. Semin. Cancer Biol. 2016, 40-41, 209–232. [CrossRef] [PubMed]
204. Tsai, J.H.; Hsu, L.S.; Lin, C.L.; Hong, H.M.; Pan, M.H.; Way, T.D.; Chen, W.J. 3,5,4’-Trimethoxystilbene, a
natural methoxylated analog of resveratrol, inhibits breast cancer cell invasiveness by downregulation of
PI3K/Akt and Wnt/beta-catenin signaling cascades and reversal of epithelial-mesenchymal transition. Toxicol.
Appl. Pharm. 2013, 272, 746–756. [CrossRef] [PubMed]
205. Kundu, J.K.; Surh, Y.J. Cancer chemopreventive and therapeutic potential of resveratrol: Mechanistic
perspectives. Cancer Lett. 2008, 269, 243–261. [CrossRef]
206. Sun, Y.; Zhou, Q.M.; Lu, Y.Y.; Zhang, H.; Chen, Q.L.; Zhao, M.; Su, S.B. Resveratrol Inhibits the Migration and
Metastasis of MDA-MB-231 Human Breast Cancer by Reversing TGF-beta1-Induced Epithelial-Mesenchymal
Transition. Molecule (BaselSwitz.) 2019, 24, 1131. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 2084 26 of 26
207. Intagliata, S.; Modica, M.N.; Santagati, L.M.; Montenegro, L. Strategies to Improve Resveratrol Systemic and
Topical Bioavailability: An Update. Antioxid (Basel) 2019, 8, 244. [CrossRef]
208. Wan, S.; Zhang, L.; Quan, Y.; Wei, K. Resveratrol-loaded PLGA nanoparticles: Enhanced stability, solubility
and bioactivity of resveratrol for non-alcoholic fatty liver disease therapy. R. Soc. Open Sci. 2018, 5, 181457.
[CrossRef] [PubMed]
209. Muller, R.H.; Radtke, M.; Wissing, S.A. Solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLC) in cosmetic and dermatological preparations. Adv. Drug Deliv Rev. 2002, 54 (Suppl. 1), S131–155.
[CrossRef]
210. Siu, F.Y.; Ye, S.; Lin, H.; Li, S. Galactosylated PLGA nanoparticles for the oral delivery of resveratrol: Enhanced
bioavailability and in vitro anti-inflammatory activity. Int. J. Nanomed. 2018, 13, 4133–4144. [CrossRef]
[PubMed]
211. Thipe, V.C.; Panjtan Amiri, K.; Bloebaum, P.; Raphael Karikachery, A.; Khoobchandani, M.; Katti, K.K.;
Jurisson, S.S.; Katti, K.V. Development of resveratrol-conjugated gold nanoparticles: interrelationship
of increased resveratrol corona on anti-tumor efficacy against breast, pancreatic and prostate cancers.
Int. J. Nanomed. 2019, 14, 4413–4428. [CrossRef] [PubMed]
212. Santos, A.C.; Pereira, I.; Magalhaes, M.; Pereira-Silva, M.; Caldas, M.; Ferreira, L.; Figueiras, A.; Ribeiro, A.J.;
Veiga, F. Targeting Cancer Via Resveratrol-Loaded Nanoparticles Administration: Focusing on In Vivo
Evidence. Aaps J. 2019, 21, 57. [CrossRef]
213. Gambini, J.; Inglés, M.; Olaso, G.; Lopez-Grueso, R.; Bonet-Costa, V.; Gimeno-Mallench, L.; Mas-Bargues, C.;
Abdelaziz, K.M.; Gomez-Cabrera, M.C.; Vina, J.; et al. Properties of Resveratrol: In Vitro and In Vivo Studies
about Metabolism, Bioavailability, and Biological Effects in Animal Models and Humans. Oxid Med. Cell
Longev. 2015, 2015, 837042. [CrossRef]
214. Mukherjee, S.; Debata, P.R.; Hussaini, R.; Chatterjee, K.; Baidoo, J.N.E.; Sampat, S.; Szerszen, A.; Navarra, J.P.;
Fata, J.; Severinova, E.; et al. Unique synergistic formulation of curcumin, epicatechin gallate and resveratrol,
tricurin, suppresses HPV E6, eliminates HPV+ cancer cells, and inhibits tumor progression. Oncotarget 2017,
8, 60904–60916. [CrossRef] [PubMed]
215. Piao, L.; Mukherjee, S.; Chang, Q.; Xie, X.; Li, H.; Castellanos, M.R.; Banerjee, P.; Iqbal, H.; Ivancic, R.;
Wang, X.; et al. TriCurin, a novel formulation of curcumin, epicatechin gallate, and resveratrol, inhibits the
tumorigenicity of human papillomavirus-positive head and neck squamous cell carcinoma. Oncotarget 2017,
8, 60025–60035. [CrossRef]
216. Ahmad, K.A.; Harris, N.H.; Johnson, A.D.; Lindvall, H.C.; Wang, G.; Ahmed, K. Protein kinase CK2 modulates
apoptosis induced by resveratrol and epigallocatechin-3-gallate in prostate cancer cells. Mol. Cancer 2007, 6,
1006–1012. [CrossRef] [PubMed]
217. Roomi, M.W.; Kalinovsky, T.; Roomi, N.W.; Niedzwiecki, A.; Rath, M. In vitro and in vivo inhibition of
human Fanconi anemia head and neck squamous carcinoma by a phytonutrient combination. Int. J Oncol.
2015, 46, 2261–2266. [CrossRef]
218. Maity, B.; Bora, M.; Sur, D.J.O.P.; Medicine, E. An effect of combination of resveratrol with vitamin D3 on
modulation of proinflammatory cytokines in diabetic nephropathy induces rat. Orient. Pharm. Exp. Med.
2018, 18, 127–138. [CrossRef]
219. Galiniak, S.; Aebisher, D.; Bartusik-Aebisher, D. Health benefits of resveratrol administration. Acta Biochim.
Pol 2019, 66, 13–21. [CrossRef]
220. Bonnefont-Rousselot, D. Resveratrol and Cardiovascular Diseases. Nutrients 2016, 8, 250. [CrossRef]
221. Pezzuto, J.M. Resveratrol: Twenty Years of Growth, Development and Controversy. Biomol. Ther. (Seoul)
2019, 27, 1–14. [CrossRef] [PubMed]
222. Berman, A.Y.; Motechin, R.A.; Wiesenfeld, M.Y.; Holz, M.K. The therapeutic potential of resveratrol: a review
of clinical trials. Npj Precis Oncol. 2017, 1, 35. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
